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PHYLOGEOGRAPHY OF SMALLMOUTH BASS (MICROPTERUS DOLOMIEU) 
AND COMPARATIVE MYOLOGY OF THE BLACK BASS (MICROPTERUS, 
CENTRARCHIDAE) 
 
WILLIAM CALVIN BORDEN 
 
ABSTRACT 
 
 Biogeographic patterns were investigated within a single species and among 
its congenerics. Smallmouth bass (Micropterus dolomieu) were characterized by 
portions of the cytochrome b gene and the control region although bass in Lake Erie 
were also evaluated using eight nDNA microsatellites. Overall, little population 
structure was observed among sites in Lake Erie which was surprising given that 
most male smallmouth bass exhibit nest site fidelity. But, these lake bass were 
divergent from bass residing in nearby tributaries indicating that lacustrine bass are 
reproductively isolated from riverine bass even though both groups may spawn in the 
same rivers. Adjacent riverine populations have also diverged from each other. 
 Smallmouth bass from 71 sampling sites spanning their native distribution 
were analyzed to examine post-glaciation colonizing routes from glacial refugia into 
the Great Lakes. Phylogenetic analyses indicated that ancestral haplotypes exist in 
today’s Interior and Eastern Highlands, and the tree structure supported sequential 
colonization events northward with a loss of diversity in more distant populations. 
Western rivers and the upper Great Lakes were characterized by one phylogroup that 
 viii
was distinct from bass occupying the Ouachita Highlands. Bass from Lake Ontario, 
Georgian Bay, and the St. Lawrence River were characterized largely by just a single, 
derived haplotype of unknown geographical origin. The two central lakes, Huron and 
Erie, were composed of multiple phylogroups indicating numerous source 
populations and access routes.  
 The unique biogeography of smallmouth bass and its congenerics 
(Micropterus, Centrarchidae) was addressed using comparative morphology to 
complement the molecularly based phylogeographic component. The genus’s greatest 
diversity is centered in the southeastern USA although several outliers are restricted 
to watersheds in Texas or the Interior Highlands. Myological variation was quantified 
for all black bass, but characters suitable for phylogenetic analysis were minimal. 
Observed variation was characterized primarily as unique abnormalities, often within 
a single specimen, or mimicking variants that were shared irregularly among species. 
The lack of significant myological variation may be correlated with the low degree of 
ecological, anatomical, and life history diversity among black bass. Because black 
bass displayed myological stasis, they should be excellent outgroups in higher-level 
systematic analyses of perciform fishes.  
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CHAPTER I 
 
INTRODUCTION TO DISSERTATION 
 
Evolutionary and Biogeographic Framework of the Dissertation Goals 
 One of the primary but deceptively simple tasks of evolutionary biologists is to 
account for organismal diversity. This task has historically fallen within the provenance 
of systematists and alpha taxonomists using morphological data. Meanwhile, population 
geneticists were using molecular data to study the consequences of mutation, migration, 
drift, and demographic changes on genetic diversity. In the 1980’s, a new discipline was 
formalized that bridged the gap between systematists and population geneticists. This 
approach, which has come to be called phylogeography, incorporates aspects of both 
disciplines in its attempt to understand the geographical patterns of genetic diversity 
(Avise 1998). This research paradigm (Fig. I.1) can be used to identify the causative 
effects (population structure, geographical/geological features, hybridization, bottlenecks, 
founder events) contributing to observed patterns of molecular diversity. Moreover, it is 
readily applicable to a wide variety of organisms including fungi (Carbone and Kohn 
2001), trees (Lin et al. 2007), ciliates (Barth et al. 2008), mussels (Baker et al. 2004), 
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crustaceans (Cox and Hebert 2001), fish (Koskinen et al. 2002), amphibians (Kozak et al. 
2006), reptiles (Roman et al. 1999), birds (Pruett and Winker 2005), and mammals 
(Swart et al. 1996). The research reported in this dissertation links the disciplines of 
phylogeography and systematics, and demonstrates the complementary nature of 
molecular and morphological data sets in addressing such questions. Thus, multiple 
evolutionary perspectives (molecules-morphology, microevolution-macroevolution, 
intraspecific-interspecific, phylogeography-biogeography) are integrated into a single 
study to understand the patterns of diversity in one group of fishes, specifically the 
smallmouth bass and its congeneric species. 
 
 
 
 
history of geography history of lineages
Phylogeography (Avise)
macroevolutionmicroevolution
temporalspatial
individual-population population-species
 
 
 
 
 
 
 
Figure I.1. Spatial, temporal, and evolutionary components of phylogeography as a link 
between the disciplines of population genetics and macroevolution incorporating both 
theory and analytical approaches.  
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Molecules and Phylogeography 
The North American (NA) freshwater fish fauna is diverse and centered around 
several areas of endemism including the Interior and Eastern Highlands. The Interior 
Highlands are composed of the Ouachita Plateau and Ozark Mountains in Missouri, 
Arkansas, and eastern Oklahoma while the Eastern Highlands are comprised of several 
physiogeographic areas including the Appalachians (Fig. I.2, Wiley and Mayden 1985). 
These uplift regions are thought to be remnants of a once more expansive Central 
Highlands that supported fish populations adapted to clear water, high-gradient, rocky 
substrate streams (Wiley and Mayden 1985). During the Pleistocene (~ 2.5 mya), glacial 
advances deposited till onto the highland streams of Ohio, Indiana, and Illinois (Wiley 
and Mayden 1985) and interglacial meltwaters produced from retreating ice sheets eroded 
a trench through the Central Highlands. The southern margin of the Central Highlands 
was inundated by rising seas which formed a coastal plain as early as the Cretaceous 
(Robison 1986). These activities produced the “central lowlands” through which the 
Mississippi River now flows as it separates the Eastern and Interior Highlands.  
 Populations occupying the Eastern and Interior Highlands may retain genetic 
signatures resulting from such vicariant events. In fact, Highland fish generally display 
one of two types of genetic architecture: 1) either two basal and divergent clades (species 
or genetic groups) are associated with either the Eastern or Interior Highlands, or 2) 
clades in the Interior Highlands are derived from more basal groups located in the Eastern 
Highlands. Wiley and Mayden (1985) and Mayden (1985, 1988) synthesized the former  
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Interior and Eastern Highlands
Central Plains
Southeastern  Plains
Atlantic Highlands
Mixed WoodsShield
Mixed Woods Plains
Coastal Plains
Temperate Prairies
Southcentral Semi-arid Prairies
 
Figure I.2. Eco-regions of North America indicating the Interior and Eastern Highlands. 
Redrawn from http://www.epa.gov/wed/pages/ecoregions/na_eco.htm. 
 
pattern into the pre- Pleistocene vicariance model and the latter into the Central 
Highlands-Pleistocene dispersal hypothesis. In the first scenario, fish were continuously 
distributed across the Central Highlands prior to the Pleistocene but were subsequently 
isolated into eastern and western groups with the formation of the central lowlands. 
Alternatively, populations or species in the Interior Highlands are the result of dispersal 
events originating from the Eastern Highlands. Both of these scenarios have been 
invoked to explain the phylogeographic patterns of numerous NA fishes (e.g. darters: 
Wiley and Mayden 1985, Turner et al. 1996, Strange and Burr 1997, Near et al. 2001, 
Mitchell et al. 2002; Near and Keck 2005, Morrison et al. 2006, Ray et al. 2006; 
cypriniforms: Wiley and Mayden 1985, Strange and Burr 1997, Berendzen et al. 2003; 
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siluriforms: Hardy et al. 2002; cottids: Strange and Burr 1997; cyprinodontiforms: Wiley 
and Mayden 1985, Grady et al. 1990, Strange and Burr 1997; centrachids: Stark and 
Echelle 1998; Coughlin et al. 2003).  
 The pre-Pleistocene geography of the Central Highlands also allows for specific 
hypothesis testing of drainage capture and rearrangement. Drainage patterns can be 
altered when river reaches are diverted or captured by an adjacent river basin (Bishop 
1995) and may play an important role in the divergence and expansion of populations 
(Burridge et al. 2006). Prior to the Pleistocene, the Teays-Mahomet System ran 
northwestward from the Eastern Highlands (NC, VA, and WV) and across central OH, 
IN, and IL before turning south into the Mississippi Embayment (Fig. I.3, Wayne 1952, 
Goldthwait 1991).  
Teays – Mahomet system 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure I.3. Potential course of the Teays-Mahomet System prior to the episodic climatic 
fluctuations of the Pleistocene. Shaded are is the Gulf of Mexico embayment; dashed line 
is the southern extent of the ice sheet; small weight lines indicate current watercourse 
boundaries. Figure modified from publication No. 10 of the Ohio Department of Natural 
Resources, Division of Geological Survey.   
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 With the advance of the Pleistocene ice sheets, parts of this basin (i.e. Teays) may 
have pushed southward and into the current Ohio River basin. The more westerly 
Mahomet System was derived from centrally located rivers in Illinois, which converged 
with the Mississippi River (Wayne 1952). While central and western portions of the 
Teays-Mahomet System are now buried under till, headwater remnants of the Teays are 
assumed to be represented in part by the New and Greenbrier Rivers of the Eastern 
Highlands (Hocutt et al. 1978). Genetically then, species occupying the Ohio River are 
expected to be derived from multiple populations that originated from different pre-
Pleistocene drainages; this hypothesis can be tested explicitly.  
It is also possible to test hypotheses of drainage capture, particularly along the 
Appalachian divide. The New and Greenbrier Rivers lie the western slopes of the 
Appalachians; headwaters of the James and Roanoke Rivers lie on the eastern slopes. 
Erosion and downgrading along the eastern slopes is slowly moving the divide westward 
(Hocutt et al. 1986). As this occurs, headwater branches of the New and Greenbrier 
Rivers are captured and diverted eastward into the James River. Consequently, 
populations in the James River should be derived from the New and Greenbrier Rivers 
(Hocutt et al. 1986). It is worthwhile to remember that many of these geological 
reconstructions are conjectural (Gray 1991, Bleuer 1991). In fact, the conventional 
interpretation of the Teays-Mahomet System as a pre-glacial river is overly simplistic 
(Gray 1991, Melhorn and Kempton 1991).  
Interpretation of smallmouth bass (Micropterus dolomieu) phylogeography occurs 
within this geographical and historical framework. Smallmouth bass are ideal for 
assessing the historical and contemporary processes on population structure because they 
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are native to the rivers of the Eastern and Interior Highlands as well as the Great Lakes 
(Scott and Crossman 1973, Trautman 1981, Page and Burr 1991). Genetic differences in 
smallmouth bass will also allow for testing of various historical geographical scenarios 
including the three hypotheses outlined above (Interior-Eastern Highland divergence; 
Ohio River admixed populations; stream capture within the Appalachians). Furthermore, 
it will be possible to evaluate the hypotheses that smallmouth bass colonized the Great 
Lakes from the Mississippian refugium (Bailey and Smith 1981, Mandrak and Crossman 
1992) and that smallmouth bass have their greatest diversity within and among the 
Interior Highlands (Stark and Echelle 1998).  
Ecologically, smallmouth bass are top predators in aquatic ecosystems (Scott and 
Crossman 1973). They live in clear water and prefer riffles and deep pools with a current 
in rivers and rocky shoals, ledges, and bars exposed to a current in lakes (Trautman 
1981). Behaviorally, smallmouth bass exhibit a fascinating reproductive courtship that 
includes male parental care (Cooke et al. 2002) and male nest site fidelity (Ridgway et al. 
1991). Economically, smallmouth bass constitute a prized sport fishery, so there is 
considerable interest in maintaining healthy and harvestable populations.    
Despite the relatively vast knowledge of the smallmouth bass ecology (see details in 
the “INTRODUCTION” of Chapters 2 -4) very little research has addressed the genetic 
relationships among populations (Stark and Echelle 1998, Borden and Stepien 2006, 
Stepien et al. 2007, Borden 2008). Genetic inferences will then be interpreted within the 
framework of smallmouth bass biology, ecology, and reproduction to gain a fuller 
understanding of the mechanisms contributing to their population structure.  
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 The Great Lakes are relatively young in geological terms, being no older than 15,000 
years. Smallmouth bass are hypothesized to have diverged from their sister taxon, spotted 
bass (Micropterus punctulatus), only 1.7 million years ago (Near et al. 2005). Thus, to 
recover a useful pattern of population level relationships, the best analytical tools are 
molecular markers with high mutation rates.  
 Because sufficient quantities of genomic DNA can be obtained from minute amounts 
of tissue, samples were obtained using minimally-invasive and non-lethal techniques 
such as the removal of a small section of a fin which can then regenerate (Guy et al. 
1996). DNA can also be successfully extracted from feces, hair, blood, scales, feathers, 
and epithelial cells (Morin and Woodruff 1996) negating the need for lethal collections. 
In addition, efficient laboratory techniques of genomic DNA extraction, amplification 
(PCR: polymerase chain reaction), and automated DNA sequencing allow for a quick 
throughput of large numbers of samples. By applying this approach, it is possible to 
collate large data sets without detrimentally affecting population viability, which is of 
critical importance for threatened and endangered populations, or even to reduce impacts 
in small local populations of common species. 
 Molecular markers of both uniparentally (mitochondrial DNA) and biparentally 
(nuclear DNA) inherited loci can be used to assess parentage (Mackiewicz et al. 2002), 
migration (Clegg et al. 2003), conservation genetics (Roman et al. 1999), population 
structure (Gold and Turner 2002), introgression (Wirgin et al. 1997), cryptic species 
identification (Belfiore et al. 2003), and effective population size (Gomez-Uchida and 
Banks 2006). In this project, variation within and among populations was compared using 
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two regions of the mitochondrial genome (Fig. I.4A) and eight microsatellite loci within 
the nuclear DNA (Fig. I.4B). 
 Using molecular data, three temporal and spatial scales were assessed in order to fully 
evaluate population-level processes. At the smallest geographical scale, populations from 
Lake Erie were compared to populations residing in tributaries. In some cases, migration 
barriers between the two habitats were absent with some collection sites spanning less  
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Figure I.4. (A): Diagrammatic representation of the cytochrome b gene and the control 
region within the mitochondrial genome. Sequences from these regions (hatched) were 
concatenated during analysis since the mitochondrial genome is effectively inherited as a 
single locus in vertebrates. (B): Diagrammatic structure of a microsatellite locus where 
each strand represents one chromosome. Unlike mtDNA, microsatellites within nDNA 
are biparentally inherited; alleles are codominant. 
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than 50 km. Tributary populations were also compared to populations in adjacent and 
distant watersheds. An analysis of genetic structure among sampling sites within a single 
large lake, Lake Erie, represented an intermediate geographical scale. Lake Erie is 388 
km long and 92 km wide with an average depth of only 19 m. Finally, broad-scale genetic 
patterns were investigated using populations from across their native distribution in 
central and eastern North America spanning from New York in the east to Oklahoma in 
the west, and Minnesota in the north to Arkansas in the south.   
 Inferences drawn from this work have broader applications than to either smallmouth 
bass or the North American freshwater fish fauna. Conclusions are also comparable to the 
Pleistocene effects on a variety of Paleoarctic fish populations. Similar phylogeographic 
studies have been undertaken to understand the roles of vicariance and dispersal in 
structuring populations of European and Siberian fishes (e.g. Refseth et al. 1998, Gross et 
al. 2001, Doadrio et al. 2002, Froufe et al. 2003, Bohlen et al. 2007). 
 
Morphology and Historical Biogeography 
 To temporally complement the reconstruction of the post-Pleistocene history of 
smallmouth bass in the Great Lakes using molecules, the historical biogeography of 
smallmouth bass and its congenerics (Micropterus) in the southeastern USA was assessed 
using morphology. Traditionally, morphology has been the cornerstone of systematics 
and taxonomy. But, a molecular-based movement within the scientific community has 
created a noticeable thinning of morphological and taxonomic experts across many 
organismal groups. In light of this trend, morphological variation, specifically variation in 
striated muscles, was used in order to demonstrate the complementary nature of 
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morphology and molecules to elucidate evolutionary mechanisms of phenotypic change. 
Smallmouth bass and its congenerics (i.e. black bass) are excellent exemplars for this 
approach because their taxonomy is relatively stable and previous anatomical work has 
established a foundation upon which a detailed survey of their myology is more easily 
interpretable.  
 There are seven species of black bass (Nelson et al. 2004) with three polytypic forms 
recognized at the subspecific level (Table I). The French naturalist Lacépède (1802) 
described the smallmouth bass as the type species of Micropterus. Unfortunately, he  
 
Table I. Recognized black bass species (Micropterus, Centrarchidae). 
Scientific name Subspecies Authority Common name 
M. cataractae  Williams & Burgess 1999 Shoal bass 
M. coosae  Hubbs & Bailey 1940 Redeye bass 
M. dolomieu dolomieu Lacepède 1802 Northern smallmouth bass 
 velox Hubbs & Bailey 1940 Neosho smallmouth bass 
M. notius  Bailey & Hubbs 1949 Suwannee bass 
M. punctulatus punctulatus (Rafinesque 1819) Spotted bass 
 henshalli Hubbs & Bailey 1940 Alabama spotted bass 
M. salmoides salmoides (Lacepède 1802) Largemouth bass 
 floridanus (Lesueur 1822) Florida largemouth bass 
M. treculii  (Vaillant & Bocourt 1874) Guadalupe bass 
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 possessed an abnormal specimen that was missing a posterior section of the dorsal fin and 
hence the etymology of the genus erroneously suggests a “small fin” (Henshall 1881).  
Systematically, Micropterus is one of eight genera within a monophyletic Centrarchidae 
and historically, this genus has been aligned with a variety of other centrarchids. 
Interspecific relationships of the black bass have evolved through a series of 
morphological and molecular analyses over the past 70 years. The most recent analysis 
used both mtDNA and nDNA of all seven species and recovered a fully resolved tree 
(Near et al. 2005).  
 The high degree of endemism in the southeastern USA is a remarkable biogeographic 
feature of the black bass and provides the motive, in part, to conduct a formal assessment 
of historical geography and speciation. Their distributional pattern includes numerous 
species restricted to the Gulf Coast and southeastern Atlantic drainages (M. cataractae, 
M. coosae, M. notius, M. punctulatus henshalli, and M. salmoides floridanus), Texas (M. 
treculii), or the western slope of the Ozark Plateau (M. dolomieu velox, Koppelman and 
Garrett 2002). The remaining black bass are widely distributed from the southern USA, 
northward into the Ohio River basin (M. p. punctulatus) and Great Lakes including 
Ontario and Quebec (M. d. dolomieu, M. s. salmoides) (Scott and Crossman 1973; Lee et 
al. 1980; Trautman 1981).  
Black bass have also been the subject of descriptive osteology (Shufeldt 1900; Blair 
and Brown 1961; Mabee 1988), ontogeny (Mabee 1993), and pigment patterns (Mabee 
1995). No attempt has been made to appraise their myology, but a complete 
morphological appraisal of such a relatively conservative anatomical system (i.e. 
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myology) would promote a fuller understanding of their comparative anatomy, functional 
morphology, and systematics of these fishes. Such an appraisal contributes to a fuller 
appreciation of the mechanisms leading to diversification within centrarchids by 
comparing one major and static lineage (Micropterus) to its considerably diverse, 
ecologically and morphologically, sister lineage (Lepomis).  
 Thus, this portion of the dissertation was initiated (1) to describe a relatively 
unknown character system, striated muscles, in a generalized percomorph genus, (2) to 
evaluate the utility of myology in resolving species level relationships among the black 
bass, and (3) to contribute to a the development of a myological data base suitable for 
higher level systematic studies among percomorphs.  
 
Dissertation Organization 
Each chapter addresses a specific aspect of either the phylogeography of smallmouth 
bass or the systematics of the black bass. Chapter 2 describes the genetic variation 
present in mitochondrial (cytochrome b and control region sequences) and nuclear DNA 
markers (eight microsatellites) within and among smallmouth bass from eleven sampling 
sites in Lake Erie (Borden and Stepien 2006). Relationships among the sampling sites 
and identification of putative reproductively distinct populations are proposed based on 
the distribution of genetic variation. Chapter 3 focuses on the large genetic divergence 
between smallmouth bass from Lake Erie and those residing in several of its tributaries 
(Borden 2008). This chapter evaluates two questions: (1) have riverine and lacustrine 
smallmouth bass diverged genetically and (2) are smallmouth bass from adjacent rivers 
more closely related to each other than they are to lacustrine fish? 
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In order to account for haplotype divergences that predated the formation of Lake 
Erie, the geographical scale was expanded. Thus Chapter 4 assesses phylogeographic 
patterns of smallmouth bass across their native range (e.g. Great Lakes, Mississippi, 
Illinois, Wabash, Ohio, and Allegheny Rivers). By integrating hierarchical scales of 
analysis, the relative roles of historical geology and population-level processes in shaping 
the contemporary spatial pattern of genetic variation among smallmouth bass populations 
can be better assessed. 
Chapter 5 is a detailed description of the striated muscles and two soft anatomical 
complexes (pyloric caecae and nasal rosette) of the black bass (Borden and Coburn 
2008). Unfortunately the high degree of myological stasis and subsequent paucity of 
phylogenetically informative characters left hypotheses of biogeography and evaluation 
of species-level relationships based on molecular evolution untested. However, the results 
are discussed in the context of ichthyomyology, myological stasis, evolution within the 
centrarchids, and higher level systematics.   
Chapter 6 is a synposis of the major conclusions and directions of future research.  
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CHAPTER II 
 
DISCORDANT POPULATION GENETIC STRUCTURING OF SMALLMOUTH 
BASS, MICROPTERUS DOLOMIEU LACEPÈDE, IN LAKE ERIE BASED ON 
MITOCHONDRIAL DNA SEQUENCES AND NUCLEAR DNA 
MICROSATELLITES1 
 
W. Calvin Borden2 and Carol A. Stepien3 
 
ABSTRACT 
 
The population genetic structure of smallmouth bass, Micropterus dolomieu, in 
Lake Erie was investigated using two mitochondrial DNA sequences (control region and 
cytochrome b) and eight nuclear DNA microsatellite loci. The objective was to evaluate 
relative resolution of fine-scale versus broad-scale spawning population genetic structure 
                                                 
1 Published as Borden, W.C., and C.A. Stepien. 2006. Discordant population genetic structuring of 
smallmouth bass, Micropterus dolomieu Lacepède, in Lake Erie based on mitochondrial DNA sequences 
and nuclear DNA microsatellites. Journal of Great Lakes Research 32:242-257.  
2 Dept. of BGES, Cleveland State University 
3 Lake Erie Center and Dept. of Earth, Ecological and Environmental Sciences, University of Toledo 
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across Lake Erie. Results showed that only cytochrome b sequences supported the 
divergence of populations grouped by basins, suggesting little correspondence to 
bathymetric features of Lake Erie. The majority of sampling sites were characterized by 
large within site variances, particularly with the microsatellite data, reducing the 
efficiency to delimit populations with the given sample sizes. Although conclusions from 
mtDNA and microsatellites were not corroborative, all data sets revealed some divergent 
sites across and within basins. The apparently weak genetic structuring of populations 
does not reflect the strong behavioral patterns of male nest-site fidelity and adult 
migration. Finer-scale structure among geographically proximate sites was detected 
primarily with microsatellite data. Several locations were consistently identified as most 
genetically divergent suggesting that they may serve as long-term attractor areas for 
spawning populations. Mitochondrial DNA data indicated a broader-scale pattern 
reflecting either colonization from at least two glacial refugia or different dispersal routes 
from a common refugium with subsequent genetic divergence through drift. Genetic 
variation of smallmouth bass in Lake Erie is likely a product of glacial history with 
behavioral and stochastic factors interacting at different spatial and temporal scales. A 
precautionary management approach would weigh both genetic and behavioral patterns 
and develop appropriate conservation strategies for a non-panmictic smallmouth bass 
population in Lake Erie.  
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INTRODUCTION 
 
Despite the relative economic importance of the smallmouth bass (Micropterus 
dolomieu Lacepède) and its ecological position as a top predator, few studies have 
investigated its population genetics (e.g., Stark and Echelle 1998) and none within a large 
lake system. Studies of smallmouth bass have focused on ecological effects of stocking 
and introgression (e.g., Snyder et al. 1996), fitness analysis (e.g., Gross et al. 1994, Gross 
and Kapuscinski 1997), nesting success, survival of early life history stages, recruitment, 
and growth rates (e.g., Steinhart et al. 2004a, b). The present genetic analysis of 
smallmouth bass in Lake Erie complements these ecologically focused studies. Further, 
an integrative approach of ecology and genetics will facilitate development and 
implementation of sustainable and effective conservation policies for user groups—
particularly in the face of increasing habitat degradation, fishery exploitation, and the 
alteration of native community interactions by invasive species.  
Understanding how and why biological populations are partitioned is essential for 
conservation goals. Population genetic structure can result from a variety of factors 
(Bossart and Prowell 1998) including historical, ecological, and stochastic events that 
interact with varying intensities (Haydon et al. 1994), but ultimately must be interpreted 
within a life history framework (Waples 1998). Genetic structure is most robustly 
interpreted using a combination of different molecular markers (Ward and Grewe 1994). 
Thus a primary goal of this research is to investigate the population genetics of 
smallmouth bass in Lake Erie using two regions of the mitogenome (control region, 
cytochrome b) and eight nDNA microsatellite loci. These empirical results are compared 
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with direct evidence of population demographics and structure. Our specific objectives 
are (1) to describe the genetic variability present in Lake Erie smallmouth bass, (2) to 
uncover any pattern of genetic structure, (3) to explore possible relationships between 
genetic variation and its geographic distribution, and finally (4) to evaluate genetically 
based conclusions within an ecologically based framework of smallmouth bass.  
 
Pertinent Life History Traits of Smallmouth Bass  
Smallmouth bass are predatory fishes, native to the Great Lakes and east central 
North America (Page and Burr 1991). Each spring, following an increase of water 
temperature to 12.8°–20.0°C, males move into shallower water and prepare a nest (Scott 
and Crossman 1973). Ridgway et al. (1991) showed that 71.4% of returning males nested 
within 100 m of nests used in the previous year. Following a ritualized courtship display, 
females lay approximately 15000 eggs kg–1 of their weight (Scott and Crossman 1973). 
Wiegmann and Baylis (1995) provide ecological evidence for monogamous mating; 
however, only males defend the eggs and fry after swim-up. Smallmouth bass mature 
from 3–6 years of age and can live to 18 years; it is highly probable that generations 
overlap during spawning. Using DNA fingerprinting techniques, Gross and Kapuscinski 
(1997) calculated that 5.4% of the spawning males produced 54.7% of the fall young of 
year. Records indicate that about 40% of nests may fail, with successful nests yielding up 
to 2,000 fry (Scott and Crossman 1973). In Lake Erie, nest failure is most often 
attributable to spring storm events through wave action and water level fluctuations 
(Trautman 1981), movement of cooler water inshore (Geoff Steinhart, pers. comm.), and 
predation of eggs and fry by the recently introduced round goby (Steinhart et al. 2004a). 
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In addition, larger smallmouth bass males procure more eggs (Wiegmann et al. 1992) and 
therefore produce larger broods (Ridgway and Friesen 1992). Body size also appears 
important for defending nests from potential predators of eggs and fry (Philipp et al. 
1997). These factors appear to result in large fitness variances among spawners. After 
defense of the fry, adult males move into summer home ranges while their age-0 
offspring remain within 200 m of the nest (Ridgway et al. 2002).  
 
 
MATERIALS AND METHODS 
 
Sites and Samples  
Smallmouth bass were collected at 11 sites that included all three basins of Lake 
Erie (Fig. II.1). Collections were made of spawning (April–June) or young of year 
populations (September–October, Long Point Bay, ON; LPB). A single collection was 
made in July (Sandusky Bay, SDY). Smallmouth bass were collected by angling, gill 
nets, seines, trawls, and electroshocking primarily by state and provincial agencies. 
Specimens or fin clips were stored either on ice in the field and then at –80°C in the 
laboratory or placed directly in 95% ethyl alcohol in the field. Genomic DNA was 
extracted from liver, muscle, or fin clips using a DNeasy® tissue extraction kit (Image 
Inc., Valencia, CA). Sampling sites are abbreviated in the text as follows: Eastern basin: 
LPB—Long Point Bay, ON; VBB—Van Buren Bay, NY; Central basin: FHR—Fairport 
Harbor, OH; PRY—Perry, OH; ASH—Ashtabula, OH; CON—Conneaut, OH; Western 
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basin: MBI—Middle Bass Island, OH; SBI—South Bass Island, OH; SDY—Sandusky 
Bay, OH; PCN—Port Clinton, OH; and GEM—Gem Beach, OH.  
The Ontario Ministry of Resources has collected fewer than 30 smallmouth bass in 13 
years (1989–2002) along the Ontario coast of Lake Erie in the central basin (Andy Cook, 
OMNR, pers. comm.). Their scarcity may be due in part to the lack of tributaries entering 
Lake Erie along the northern shoreline between Point Pelee and Long Point Bay, ON 
(LPB). Smallmouth bass are inshore fishes, and thus geographical distances among 
sampling sites were measured along the shoreline in an arc extending from Point Pelee on 
the west, along the southern shoreline of Lake Erie, to LPB at the eastern end (Fig. II.1). 
Thus that section of north shore between Point Pelee and LPB was excluded from 
calculations of pairwise geographical distrances, thereby constraining analyses of 
smallmouth bass migration to the southern shore of Lake Erie.  
 
Mitochondrial DNA 
The present study examined sequence variation in the left domain of the control region 
(~300 bp) and the 3´ half of the cytochrome b gene (bp 601–1,140). DNA regions were 
amplified using polymerase chain reactions (PCR) with a MJ Research PTC-200 
thermalcycler in 27 μL volume reactions including 18.5 μL ddH2O, 2.7 μL 10X 
PerkinElmer buffer with MgCl2 (Novagen Inc., Madison, WI), 2 μL dNTP mix (0.7 mM), 
1 μL each of forward and reverse primers (0.4 μM), 0.2 μL NovaTaq DNA polymerase 
(Novagen Inc., Madison, WI), and 1–2 μL genomic DNA. The primer set (forward: 5'-
GTGACTTGAAAAACCACCGTTG-3', 
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Figure II.1. Sampling site distribution within Lake Erie. Sites of Fairport Harbor, Perry, 
Ashtabula, and Conneaut are a composite of sites within the immediate area. South Bass 
Island includes samples from Gibraltar Island; a small island within Put-in-Bay on SBI. 
Sites are abbreviated in the text as follows: Eastern basin: LPB – Long Point Bay, ON; 
VBB – Van Buren Bay, NY; Central basin: FHR – Fairport Harbor, OH; PRY – Perry, 
OH; ASH – Ashtabula, OH; CON – Conneaut, OH; Western basin: MBI – Middle Bass 
Island, OH; SBI – South Bass Island; SDY – Sandusky Bay, OH; PCN – Port Clinton, 
OH; GEM – Gem Beach, OH.Inset: Lake Erie (shaded) among the Great Lakes.  
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reverse: 5´-CTCCATCTCCGGTTTACAAGAC-3') designed by Song et al. (1998) was 
used to amplify cytochrome b, and primer sets CB3R-L (5'-
CATATTAAACCCGAATGATATTT-3') or Pro-L (5'-CTACCTCCAACTCCCAAAGC-
3''; both Palumbi 1996) and HN20-R (5'-GTGCTTATGCTTTAGTTAAGC-3'; 
Bernatchez and Danzmann 1993) were used for the control region. PCR conditions for 
mtDNA were 40 seconds denaturation at 94°C, 40 seconds annealing at 52°C (control 
region) or 46°C (cyt b), and 90 seconds polymerization at 74°C for 40 cycles. PCR 
amplicons were visualized using 1.2% agarose gels with ethidium bromide under 
ultraviolet light, photographed, and subsequently cleaned with either a Qiaquick™ 
(Qiagen Inc., Valencia, CA) purification kit or ExoSAP- IT® (U.S. Biochemical, Solon, 
OH).  
Automatic sequencing was performed in a single direction using the dideoxy 
method of termination by Cleveland Genomics, Inc. (using Applied Biosystems, Inc. 
sequencers) or with a Beckman-Coulter CEQ-8000 capillary analyzer at the Cleveland 
State University (CSU) DNA Core Facility. Internal primer HW1-R (5'-GTCCTCACCT 
TCAATAACCG-3'; the complement of HW1-F, Gatt et al. 2000) was used for 
sequencing of the control region. Internal primers basscytbf1 (5'-
CACCCCTACTTCTCCTACAAAGA-3') and basscytbf2 (5'-
CCCTCACCCGCTTCTTYGCCTT-3'; the complement of basscytbr1; Near et al. 2003) 
were used for sequencing of cytochrome b. A representative of each haplotype was 
reamplified and resequenced to minimize possibility of sequencing error. 
Chromatographs were read by hand and then aligned using Se-Al (Rambaut 1996). No 
indels were observed and alignment was straightforward. 
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 Microsatellites  
Eight microsatellite loci were selected from published literature, of which six 
(Mdo2, Mdo3, Mdo5, Mdo8, Mdo9, and Mdo11) were chosen from Malloy et al. (2000). 
In order to include loci having greater allelic variation, RB7 (DeWoody et al. 1998) and 
MS19 (DeWoody et al. 2000) were also employed.  
The loci Mdo2, Mdo3, Mdo5, Mdo8, Mdo9, and Mdo11 were amplified in a single 
PCR reaction following the approach to multiplexing by Neff et al. (2000), and RB7 and 
MS19 were amplified together following DeWoody et al. (2000). Reaction volumes were 
typically 11 µL for the RB7/MS19 duplex and 20 µL for the six-plex reaction. Specific 
aliquot proportions for RB7/MS19 were 7.4 µL ddH2O, 1.0 µL 10× PerkinElmer buffer 
with MgCl2, 0.75 µL of dNTP mix (0.68 µM), 2 µL each of forward and reverse primers 
for RB7 (1.8 µM), 1 µL each of forward and reverse primers of MS19 (0.9 µM), 0.1 µL 
NovaTaq DNA polymerase, and 1 µL genomic DNA. The six-plex reaction aliquots 
included 12 µL ddH2O, 2.0 µL 10× PE buffer with MgCl2, 1.2 µL of dNTP mix (0.6 
mM), 6 µL each of primer sets for loci Mdo3 and Mdo11 (3 µM), 2 µL each of the primer 
set for Mdo2 (1 µM), 1.6 µL each of primer sets for loci Mdo8 and Mdo9 (0.8 µM), 1.2 
µL each of primer sets for Mdo5 (0.6 µM), 0.2 µL NovaTaq DNA polymerase, and 1.5 
µL genomic DNA. Forward primers were dye-labeled for allelic length recognition by the 
autosequencer.  
PCR amplification conditions were an initial denaturation of 94ºC for 60 seconds, 
followed by 40 cycles of 30 seconds denaturation at 94°C, 50 seconds annealing at 47°C 
(RB7/MS19) or 55ºC (sixplex, and 30 seconds polymerization at 72°C. PCR products 
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were diluted by 1:20 with sample loading solution and allelic lengths were scored with a 
Beckman-Coulter CEQ-8000 capillary analyzer with respect to a size standard. 
Microsatellite allele lengths were also manually checked to the nearest nucleotide. All 
samples for a given locus were read contemporarily to minimize interpretation errors in 
allelic lengths. Unresolved loci were repeated; however, some loci could not be resolved 
with some individuals. A previously analyzed sample was included with each set of 
samples to check for drift of allele lengths.  
 
Data Analyses  
mtDNA variability was described using gene diversity indices and tests for 
selective neutrality (ARLEQUIN 2.2, Schneider et al. 2000). Microsatellites were 
described by single locus, sampling site, and sampling site by locus diversity indices, 
tests for linkage disequilibrium among loci, and conformance to Hardy-Weinberg 
equilibrium expectations within loci [using the exact test of Guo and Thompson (1992)] 
in GENEPOP (web version 3.4, Raymond and Rousset 1995). Probability (p) values were 
corrected for multiple tests applied to the same hypothesis using sequential Bonferroni 
correction (Rice 1989). We followed the approach of Ruzzante et al. (1999) and report 
statistically significant findings both before and after Bonferroni correction. Further, we 
recognized the arguments of Ward and Grewe (1994) and Waples (1998) that statistical 
and biological significance are not always congruent when interpreting results.  
The hierarchical portioning of genetic variation according to covariances was 
examined for the following geographical scheme in Lake Erie: among basins, among 
sites within basins, and within sites using Analysis of Molecular Variance (AMOVA; 
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Excoffier et al. 1992, in ARLEQUIN 2.2). By testing population divergences among 
samples from the eastern, central, and western basins, we examined the hypothesis that 
bathymetric structure in Lake Erie has influenced population structure of smallmouth 
bass.  
Goodman (1997) proposed that if evaluating population differentiation is the 
research goal, then an allelic goodness of fit test is appropriate. To this end, population 
differentiation tests based on allele distributions of mtDNA sequences (ARLEQUIN 2.2) 
and microsatellite loci (GENEPOP, web version 3.4) were performed following the 
methods of Raymond and Rousset (1995). Population divergence was quantified using 
estimates of FST (Wright 1969) in order to calculate the number of migrants and to 
analyze the distribution of genetic diversity relative to geographic distribution (Goodman 
1997). Population divergence based on mtDNA was estimated using ΦST (Weir and 
Cockerham 1984; a measure analogous to FST as demonstrated by Hudson et al. 1992) 
and from microsatellites using ρST (allele size; Rousset 1996) and θST (allele identity; 
Weir and Cockerham 1984). Negative divergence estimates were an artifact of 
calculation and therefore were converted to “zero.” Comparison of ρST and θST estimates 
can reveal the relative importance of genetic drift versus mutation. If ρST and θST 
estimates are similar, then genetic drift has likely played a more prominent role, whereas 
stepwise mutations outweigh drift if ρST estimates are greater than θST estimates (Hardy et 
al. 2003). To test for the effect of several small sample sizes particularly in the 
microsatellite data set, an additional analysis with a reduced number of sites (7, by 
pooling adjacent sites) was conducted. Pairwise microsatellite and mtDNA population 
divergence estimates were compared statistically using a Wilcoxon matched pairs test in 
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STATISTICA v.6 (StatSoft 2001). Number of migrants was calculated from quantified 
estimates of population divergence using Nfm = [((1/FST) – 1)/2] and Nm = [((1/FST) – 
1)/4] for mtDNA and microsatellites respectively. Both derivations assumed an island 
model of migration (Wright 1951), population equilibrium, and selective neutrality.  
 Neighbor-joining trees (Saitou and Nei 1987) were constructed with PAUP*4b10 
(Swofford 1998) using Nei’s corrected average pairwise differences (dA, 1987, equation 
10.21) in ARLEQUIN 2.2. Minimum spanning trees depicting overall similarity among 
sites (MST, Kruskal 1956) were drawn by hand from estimates of population divergence. 
Isolation by distance among sampling sites was evaluated under a model of stepping 
stone migration (Kimura and Weiss 1964) by regressing Slatkin’s linearlized FST 
estimates (FST/(1 – FST)) against pairwise logarithmic geographic distances (Rousset 
1997) using the ISOLDE program (GENEPOP 3.4) and 10,000 permutations of the 
Mantel test. A non-significant relationship suggests genetic drift and not gene flow has 
played a more prominent role in population divergence (Hutchinson and Templeton 
1999).  
 
RESULTS 
 
mtDNA Sequences 
 Five mtDNA cytochrome b gene haplotypes (Genbank Accession numbers 
DQ354383-DQ354387) from 113 individuals were defined by four polymorphic sites; all 
were synonymous changes in the third codon position. Two haplotypes characterized 
98% of the smallmouth bass sampled in Lake Erie and occurred in almost every sampling 
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site (Table II). Eight mtDNA control region haplotypes (Genbank Accession numbers 
DQ354375-DQ354382) from 112 individuals were defined by six polymorphic sites. A 
single control region haplotype was found at all sampling sites (Table III), characterizing 
61% of smallmouth bass sampled from Lake Erie. Selective neutrality (Tajima’s D: 
Tajima 1989; Ewens-Watterson: Ewens 1972, Watterson 1975) was supported for both 
the control region and cytochrome b gene, suggesting that observed heterozygosity levels 
were explainable by a nearly neutral model of evolution. Greater genetic diversity was 
found in the western basin samples using the cytochrome b gene (Table II), whereas 
haplotype and nucleotide diversities were greatest in the central basin of Lake Erie in the 
control region data (Table III). Neither trend was significant.  
 Partitioning of genetic variance among three hierarchical levels revealed that the 
greatest covariation occurred within sampling sites: 97.9% (p = 0.14, df = 101, 8) and 
73.2% (p < 0.00001, df = 102, 8) for the control region and the cytochrome b gene, 
respectively. Measures of covariation among sampling sites within lake basins were 4.6% 
(p = 0.10, df = 8, 2) and 24.9% (p < 0.00001, df = 8, 2), whereas those among the three 
basins were negligible (0%, p = 0.92; 1.9%, p = 0.29; df = 2) for the control region and 
cytochrome b data. At the lake basin level, the western basin was significantly divergent 
from the central basin (ΦST = 0.13, p = 0.01) and the eastern basin (ΦST = 0.12, p = 0.01) 
in the case of the cytochrome b gene data only. Tests of population differentiation were 
consistent with divergence estimates identifying the western basin as divergent from both 
the central and eastern basins.  
 Divergences between pairs of populations based on the control region data 
identified three nominally divergent pairs of sites (p < 0.05; GEM— ASH, CON, SDY), 
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but probabilities were not significant after Bonferroni correction. Likewise, population 
differentiation tests using the cytochrome b data identified 14 nominally significant site 
comparisons (Table IV; p < 0.05, of 55 possible comparisons), but only a single pair was 
significant after Bonferroni correction (MBI—ASH, p = 0.0008). Overall, populations 
were weakly divergent as evidenced by an average ΦST = 0.05 for the control region data, 
but more divergent (average ΦST = 0.27) using cytochrome b data. Pairwise ΦST values 
for the control region ranged from 0.00 to 0.31 and from 0.00 to 1.00 for the cytochrome 
b gene. Wilcoxon matched pairs tests indicated that ΦST estimates derived independently 
from the control region and the cytochrome b gene were significantly different (Z = 4.06, 
p < 0.0001). Given the disparate results from the control region and the cytochrome b 
gene, the data sets were not combined into a single haplotype for analysis.  
 
Microsatellites  
Numbers of alleles per locus ranged from three (Mdo3, Mdo5, Mdo11) to 10 
(MS19) and observed heterozygosities (HO) from 0.11 to 0.66 (Table V). Locus Mdo11 
pooled over sampling sites (p = 0.03) and two sampling sites pooled over loci (LPB, p = 
0.01; GEM, p = 0.03) were not within Hardy-Weinberg expectations prior to Bonferroni 
correction, but corresponded following p-value correction. Only GEM at Mdo9 did not 
conform to HW expectations following Bonferroni correction (Table V), which may be 
due to chance. Conformance to HW expectations suggested temporal heterogeneity 
across collection years within a sampling site may not be a confounding factor. All locus-
locus pair-wise comparisons for each population were in linkage equilibrium. Private  
 
TABLE II.  Cytochrome b haplotypes by site and basin with haplotype (h) and nucleotide (π) diversities.  
 
           
1 2 3 4 5 Total  h SE π x 100 SE x 100 
Western Basin            
     Port Clinton 7 3   1 11  0.56 0.13 0.11 0.11 
     Gem Beach 6 14 1   21  0.50 0.09 0.10 0.09 
     Sandusky Bay 7 2    9  0.39 0.16 0.07 0.08 
     Middle Bass I.                         6    6  0.00 0.00 0.00 0.00 
     South Bass I.        4    4  0.00 0.00 0.00 0.00 
      51  0.53 0.04 0.11 0.10 
Central Basin            
     Fairport Harbor 7 1    8  0.43 0.17 0.08 0.09 
     Perry 4 7    11  0.51 0.10 0.09 0.10 
     Ashtabula 7     7  0.00 0.00 0.00 0.00 
     Conneaut 6 2    8  0.43 0.17 0.08 0.09 
     34  0.43 0.07 0.08 0.08 
Eastern Basin            
     Van Buren Bay, NY 8 6  1  15  0.59 0.08 0.12 0.11 
     Long Point   Bay, ON 11 2    13  0.28 0.14 0.05 0.07 
     28  0.47 0.08 0.09 0.09 
           
haplotype total 63 47 1 1 1 113      
           
haplotype frequency 0.56 0.42 0.01 0.01 0.01   0.52 0.02 0.10 0.09 
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TABLE III.  Control region haplotypes by site and basin with haplotype (h) and nucleotide (π) diversities.  
 
    
               
 1 2 3 4 5 6 7 8 Total  h SE π x 100 SE x 100 
Western Basin               
     Port Clinton 11 3 2 2     18  0.61 0.11 0.36 0.28 
     Gem Beach 12 1       13  0.15 0.13 0.10 0.13 
     Sandusky Bay 6 5 2      13  0.67 0.08 0.49 0.36 
     Middle Bass I.                4   1 1    6  0.60 0.22 0.29 0.27 
     South Bass I.       3   2     5  0.60 0.18 0.20 0.22 
         55  0.54 0.07 0.32 0.25 
Central Basin               
     Fairport Harbor 7 1   1  1  10  0.53 0.18 0.33 0.27 
     Perry 5 2  1      8  0.61 0.16 0.35 0.29 
     Ashtabula 2 2  1     5  0.80 0.16 0.47 0.40 
     Conneaut 3  3 1   1   8  0.79 0.11 0.45 0.35 
         31  0.67 0.08 0.40 0.29 
Eastern Basin               
     Van Buren Bay, NY 8 1  2   1  12  0.56 0.15 0.26 0.23 
     Long Point   Bay, ON 7 1 1 2  2  1 14  0.75 0.11 0.41 0.31 
         26  0.65 0.10 0.34 0.26 
              
haplotype total 68 16 8 12 2 2 3 1 112     
              
haplotype frequency 0.61 0.14 0.07 0.11 0.02 0.02 0.03 0.01   0.60 0.05 0.35 0.26 
TABLE IV.  Divergent sampling sites based on tests of population differentiation 
partitioned into location by basin. Underlined pairs significant after Bonferroni correction 
(initial α = 0.0009). Superscript number is microsatellite locus identification. Loci Mdo3 
and Mdo5 identified no statistically significant pairs. Mdo9, Mdo11, and MS19 were 
identified as statistically significant loci. “+” indicates nominal significance (p < 0.05), 
and “*” indicates statistical significance following Bonferroni correction pooled over all 
loci. Number in parentheses is the number of site-site comparisons, and multiplied by 
eight for microsatellites.  
 
Western basin 
(10) 
 
Central basin 
(6) 
 
Eastern basin   
(1) 
 
W-C          
(20) 
 
W-E            
(10) 
 
C-E            
(8) 
Control region      
GEM-SDY   GEM-ASH   
   GEM-CON   
Cytochrome b      
MBI-PCN PRY-ASH  GEM-ASH GEM-LPB  
SDY-MBI   MBI-ASH MBI-LPB   
SDY-SBI   MBI-CON MBI-VBB  
   MBI-FHR PRY-LPB  
   SBI-ASH SBI-LPB  
Microsatellites      
SDY-MBI RB7 
SDY-MBI 9 
SDY-GEM 11 
SDY-MBI 11 
SDY-PCN 11 + 
CON-ASH 2 
CON-FHR 2 
CON-PRY 2 
PRY-ASH 9 
PRY-FHR 9 
LPB-VBB 9 * 
LPB-VBB 11 
LPB-VBB MS19 
 
PCN-CON 2 
GEM-CON 8 
MBI-ASH 9 
MBI-ASH 11 
PCN-ASH 11 
PCN-CON 11 
PCN-PRY 11 
PCN-LPB RB7 
GEM-VBB RB7 + 
GEM-LPB 9 * 
MBI-VBB 9 
PCN-LPB 9 * 
SBI-LPB 9 + 
SDY-LPB 9 * 
GEM-VBB 11 
MBI-VBB 11 
PCN-VBB 11 + 
SDY-LPB 11 
SDY-VBB 11 
GEM-LPB MS19 
MBI-LPB MS19 
PCN-LPB MS19 
SDY-LPB MS19 
SDY-VBB MS19 
CON-LPB 8 + 
ASH-LPB 9 + 
CON-LPB 9 
FHR-LPB 9 * 
PRY-LPB 9 + 
ASH-VBB 9 
ASH-LPB 11 
PRY-LPB 11 
FHR-LPB MS19 
PRY-LPB MS19 
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 TABLE V.  Summary statistics for 11 sampling sites of smallmouth bass, Micropterus dolomieu, in Lake Erie; including 
sample size (n), number of alleles (NA) per locus and site, mean allele size in nucleotides, observed and expected 
heterozygosities (HO and HE), and estimate of FIS from Weir and Cockerham (1984; negative values = heterozygote excess, 
positive values = heterozygote deficiency). A significant departure from Hardy-Weinberg equilibrium after Bonferroni 
correction at sampling site GEM, locus Mdo9 is denoted by “*”.  
              
      PCN GEM SDY MBI SBI FHR PRY  ASH CON VBB LPB 
              
Lo  cus              
Mdo2 212 n 27 25 20 8 8 15 26 4 9 36 34 
 4 NA 2 2 3 2 2 2 2 1 2 2 4 
 197.9 allele size 197.7 198.0 198.3 198.0 197.8 197.7 197.8 197.0 199.0 198.0 197.9 
 0.363 HO 0.370 0.480 0.450 0.500 0.125 0.333 0.231 --- 0.556 0.333 0.382 
 0.373 HE 0.307 0.372 0.465 0.400 0.325 0.287 0.317 --- 0.529 0.380 0.431 
 0.027 FIS -0.209 -0.297 0.034 -0.273 0.632 -0.167 0.275 --- -0.053 0.125 0.114 
              
Mdo3 189 n 22 29 16 9 8 5 22 3 4 49 22 
 3 NA 2 3 3 3 2 2 3 2 2 3 3 
 118.8 allele size 118.5 119.0 119.2 119.2 118.8 118.2 118.9 118.7 119.0 118.8 118.8 
 0.413 HO 0.182 0.448 0.562 0.778 0.250 0.200 0.500 0.667 0.000 0.428 0.364 
 0.474 HE 0.406 0.520 0.558 0.582 0.500 0.200 0.487 0.533 0.571 0.455 0.449 
 0.129 FIS 0.558 0.140 -0.008 -0.366 0.517 0.000 -0.027 -0.333 1.000 0.058 0.194 
              
Mdo5 232 N 25 20 17 8 8 31 24 7 11 46 35 
 3 NA 2 3 3 2 2 2 2 2 1 2 2 
 198.9 allele size 198.9 198.8 198.7 198.9 198.9 198.9 199.0 198.7 199.0 198.8 198.9 
 0.108 HO 0.080 0.150 0.235 0.125 0.125 0.032 0.042 0.286 --- 0.174 0.057 
 0.126 HE 0.078 0.145 0.219 0.125 0.125 0.094 0.042 0.264 --- 0.196 0.109 
 0.142 FIS -0.021 -0.036 -0.076 0.000 0.000 0.659 0.000 -0.091 --- 0.113 0.481 
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      PCN GEM SDY MBI SBI FHR PRY  ASH CON VBB LPB 
              
Mdo8 195 n 27 19 15 8 6 12 26 4 8 33 37 
 8 NA 6 6 7 5 3 5 5 4 6 6 6 
 216.2 allele size 215.7 216.4 216.8 215.9 216.3 216.5 216.5 214.3 215.3 216.7 215.9 
 0.662 HO 0.667 0.842 0.600 0.625 0.167 0.667 0.577 0.750 0.750 0.727 0.649 
 0.710 HE 0.732 0.688 0.696 0.792 0.621 0.696 0.678 0.896 0.817 0.758 0.667 
 0.069 FIS 0.091 -0.231 0.143 0.222 0.75 0.043 0.152 0.1 0.087 0.042 0.028 
              
Mdo9 241 n 26 28 18 10 11 14 30 7 11 45 41 
 5 NA 4 3 2 2 3 3 2 3 2 3 3 
 124.8 allele size 128.6 128.3 127.8 129.2 127.9 128.2 128.6 128.9 128.5 128.0 129.5 
 0.473 HO 0.654 
0.428 
* 0.556 0.200 0.545 0.714 0.567 0.571 0.545 0.467 0.220 
 0.506 HE 0.533 0.564 0.508 0.337 0.567 0.606 0.463 0.659 0.485 0.538 0.240 
 0.065 FIS -0.232 0.243 -0.097 0.419 0.040 -0.187 -0.229 0.143 -0.132 0.133 0.089 
              
Mdo11 192 n 24 26 19 6 4 19 23 7 8 47 19 
 3 NA 2 3 2 2 2 3 3 2 3 3 3 
 173.4 allele size 172.8 173.0 173.9 172.3 173.5 173.7 173.7 174.0 173.5 173.8 172.5 
 0.411 HO 0.333 0.308 0.316 0.167 0.250 0.444 0.565 0.143 0.250 0.660 0.211 
 0.503 HE 0.337 0.391 0.512 0.167 0.536 0.569 0.559 0.538 0.608 0.606 0.284 
 0.183 FIS 0.011 0.217 0.390 0.000 0.571 0.229 -0.011 0.750 0.606 -0.089 0.265 
              
RB7 248 n 31 28 20 7 12 19 28 7 13 40 43 
 7 NA 6 4 5 4 3 5 4 3 5 6 5 
 129.8 allele size 128.7 129.0 130.0 129.9 130.3 130.5 129.5 131.3 128.2 128.5 126.5 
 0.629 HO 0.613 0.536 0.600 0.571 0.750 0.684 0.678 0.571 0.769 0.575 0.651 
 0.642 HE 0.660 0.691 0.562 0.703 0.638 0.630 0.650 0.648 0.674 0.612 0.621 
 0.020 FIS 0.072 0.228 -0.070 0.200 -0.186 -0.088 -0.045 0.127 -0.148 0.061 -0.049 
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      PCN GEM SDY MBI SBI FHR PRY  ASH CON VBB LPB 
              
MS19 263 n 31 29 19 9 13 28 27 7 13 42 45 
 10 NA 7 4 5 3 3 5 6 4 3 5 4 
 103.0 allele size 102.9 103.6 103.8 102.4 102.8 103.3 103.0 103.1 102.2 103.6 102.3 
 0.555 HO 0.516 0.483 0.789 0.556 0.462 0.536 0.556 0.714 0.615 0.667 0.422 
 0.557 HE 0.584 0.585 0.691 0.569 0.520 0.567 0.558 0.571 0.465 0.603 0.375 
  0.003  FIS 0.118 0.177 -0.146 0.024 0.117 0.056 0.004 -0.277 -0.343 -0.108 -0.127 
 
alleles were shared between the central and western basins, and one allele of MS19 
appeared only in the eastern and central basins. Each private allele had a frequency less 
than 5% either within its respective sampling site, basin, or shared between basins. Allele 
frequencies are available from the authors (Appendices A and B).  
AMOVA analysis showed that all covariation occurred within sampling sites for 
θST and ρST (100%, p = 1.0, df = 603, 8). ρST estimates failed to identify any divergence 
among basins although population differentiation tests identified statistical divergence 
between the western and central basins (p = 0.04) prior to Bonferroni correction but not 
following correction (α = 0.02). Global θST and ρST estimates were not significantly 
different (n = 55, Z = 0.30, p = 0.76). Pairwise population divergence estimates averaged 
0.01 and ranged from 0.00 to 0.04 (θST) or 0.07 (ρST). Despite these relatively low 
divergence levels, loci Mdo9, Mdo11, and MS19 indicated differentiation among 
sampling sites. Pairwise site comparisons identified 28 nominally significant pairs (Table 
IV; of 440 site-pairs comparisons, 55 comparisons by 8 loci) and 16 pairs (nine unique 
pairs) as statistically significant following Bonferroni correction. Of interest, the two 
eastern basin sites were divergent from each other and one of these sites, LPB, was 
involved in 14 of the 16 significant comparisons (Table IV). Population differentiation 
tests pooled over all loci identified 12 nominally significant site pairs, five of which 
remained statistically significant following Bonferroni correction (Table IV).  
An additional analysis was performed to assess the potential impact of small 
sample sizes in estimating population divergence. Several sites (Middle and South Bass 
Island, Port Clinton and Gem Beach, Fairport Harbor and Perry, Conneaut and 
Ashtabula) were pooled based on geographical proximity and results of the first analysis. 
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Population differentiation tests of the control region data identified a single, nominally 
divergent site pair (SDY—Bass Islands). Population differentiation tests of the 
cytochrome b data identified eight nominally divergent site pairs (Bass Islands with all 
other sites plus LPB—ASH/CON, GEM/PCN). Three site pairs remained statistically 
significant after Bonferroni correction: Bass Islands— ASH/CON, LPB, and SDY. 
Microsatellite data detected nine, nominally significant site pairs (SDY—GEM/PCN, 
FHR/PRY; LPB with all six sites; VBB—GEM/PCN). Six site pairs remained significant 
following Bonferroni correction (exceptions being LPB—Bass Islands; SDY—
GEM/PCN; FHR/PRY). AMOVA analyses of all three data sets detected significant 
within-site and among-sitewithin-basin covariance partitions in only the cytochrome b 
data. The largest covariation occurred within-sites, and in microsatellites, all covariation 
occurred within-sites.  
 
Comparison of mtDNA and Microsatellites  
Population divergence estimates derived from mtDNA and microsatellites were 
statistically different (ΦST-control vs. θST: Z = 3.64, p < 0.001; ΦST-control vs. ρST: Z = 
4.06, p < 0.0001; ΦST-cyt b vs. θST: Z = 5.58, p < 0.000001; ΦST-cyt b vs. ρST: Z = 5.73, p 
< 0.000001). Average ΦST was 0.27 and 0.05 for cytochrome b and control region, 
respectively. Divergence estimates using cytochrome b data were ~ 5× greater than those 
from the control region and ~25× greater than those from microsatellites. Those based on 
the control region were ~5× those of microsatellites. Cytochrome b data yielded larger 
estimates of population divergence than did the more variable control region and 
microsatellite loci, although microsatellites revealed a greater number of significantly 
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divergent sampling site-pairs. Genetic relationships among sampling sites differed based 
on the molecular marker with respect to the number of statistically significant or 
identification of site-pairs.  
 
Geography of Genetic Variation  
 Neighbor-joining trees depicting relationships among sampling sites showed little 
topological similarity among the data sets (Fig. II.2). Trees were reflective of the small 
genetic distances among sites including the presence of negative branch lengths. As a 
consequence, topological solutions were not unique. As an alternative, a minimum 
spanning tree among sampling sites was constructed by hand using FST estimates. MST’s 
derived from control region sequences and microsatellites consisted of a single genetic 
entity (trees not shown). However, cytochrome b sequences identified four genetically 
divergent clusters of sampling sites: Bass Islands, Ashtabula, Gem Beach with Perry, and 
all other sampling sites (Fig. II.3). Geographically adjacent sites on the Bass Islands 
comprised a single cluster (MBI/SBI), whereas eastern basin sites were grouped with 
both the central and the remaining western basin sites. Visual inspection of cytochrome b 
haplotype frequencies supported significantly non-zero genetic distances at the basin and 
sampling site (Table II) levels.  
 Isolation by distance tests detected significant relationships between population 
divergence (FST/(1-FST)) and ln(geographic distance) in microsatellite data using both ρST 
(r2 = 0.02, p = 0.04) and θST (r2 = 0.02, p = 0.03) but not using mtDNA sequences.           
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Figure II.2. Neighbor-joining trees derived from dA (Nei’s 1987 corrected average 
pairwise difference) for (A) pooled microsatellite loci, (B) control region sequences, and 
(C) cytochrome b sequences. Sampling site abbreviations follow notation in Figure II.1. 
Topologies do not represent unique solutions. Negative genetic distances (branch lengths) 
converted to “zero”. 
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Figure II.3. Minimum spanning tree among sampling sites constructed from ΦST values of 
cytochrome b. All sites within the same box are genetically similar, and negative 
divergence estimates were converted to zero. Distance between boxes is the average ΦST 
value for all pairwise distances between sites within two boxes. MST's derived from 
control region sequences and microsatellites were unresolved. 
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DISCUSSION 
 
Patterns of Genetic Variation  
Although indices of genetic variation and population divergence derived from 
mtDNA and microsatellites were low, they appear consistent with other aquatic fauna 
inhabiting previously glaciated areas relative to unglaciated areas (Bernatchez and 
Wilson 1998). The mean number of microsatellite alleles per locus (5.4) and 
heterozygosity per locus (0.45) in smallmouth bass fell within the ranges of 13 species of 
freshwater fishes (9.1 ± 6.1 and 0.54 ± 0.25 respectively, DeWoody and Avise 2000). 
Heterozygote deficiency at locus Mdo11 in Lake Erie smallmouth bass is consistent with 
both smallmouth and spotted (M. punctulatus) bass heterozygote deficiencies at the same 
locus from Broken Bow reservoir in Oklahoma (Malloy et al. 2000). Additionally, 
microsatellite locus heterozygosities reported here for Lake Erie are comparable to locus 
heterozygosities with similar allele numbers in yellow perch from Lake Michigan (Miller 
2003). Average divergence values derived from microsatellites (θST, ρST = 0.01) and the 
control region (ΦST = 0.05) were markedly less than those from the cytochrome b gene, 
which may be explained by higher mutation rates, as occur in microsatellites relative to 
mtDNA, and thus lower FST estimates (Rousset 1996), as well as differences in their 
relative effective population sizes (summarized in Avise 2004). Within mtDNA, different 
regions display different evolutionary patterns due to different substitution rates and 
mutation constraints (Graur and Li 2000).  
Sample sizes for microsatellite loci are lower than Ruzzante’s (1997) suggestion 
of 50 to 100 samples per site. Malloy et al. (2000) tested six of the microsatellite loci 
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used in this study (Mdo series) on smallmouth bass from a reservoir in Oklahoma and 
found either the same number of alleles per locus (Mdo8, Mdo9, Mdo11), or one fewer 
allele (Mdo5). The two other loci (Mdo2, Mdo3) had fewer alleles in Lake Erie 
populations compared to Oklahoma populations (Malloy et al. 2000, NA = 6 in both loci). 
For these loci, the Malloy et al. (2000) study was based on sample sizes up to 157, while 
the present study contains no less than 190 samples per locus. Fish populations in 
formerly glaciated areas tend to have lower genetic diversity than found in southerly-
unglaciated regions (Bernatchez and Wilson 1998). The smallmouth bass populations 
from Oklahoma in the Interior Highlands contain most of the genetic diversity of the 
species based on allozyme data (Stark and Echelle 1998). Given the comparable numbers 
of alleles per locus between smallmouth bass from Lake Erie (formerly glaciated 
population) and Oklahoma (Interior Highland population), we conclude that most of the 
genetic variation is being detected with the current sample sizes in Lake Erie in at least 
four of the six loci. Additional sampling may be necessary to reveal subtle divergences 
that reflect the migratory patterns of spawning males and summer adults, a question that 
merits further study.  
On a larger geographical scale, the possibility of multiple genetic origins of 
smallmouth bass in Lake Erie was revealed by analyses of control region and cytochrome 
b haplotypes. Dhondt (1996) recognized that mtDNA is less variable than microsatellites 
and is therefore better suited to clarify relationships among populations over larger 
geographical distances. Furthermore, protein coding genes maintain a higher signal to 
noise ratio for older geological and biological events that may explain greater 
divergences in cytochrome b relative to the control region and microsatellites.  
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Multiple genetic sources within the Great Lakes and adjacent waterways likely 
reflect historical events of founding from one or more glacial refugia. This interpretation 
appears consistent with observed genetic diversity found in lake trout (Salvelinus 
namaycush, Wilson and Hebert 1996), brown bullhead (Ameiurus nebulosus, Murdoch 
and Hebert 1997, and additional references therein), walleye (Sander vitreus, Stepien and 
Faber 1998), and yellow perch in North America (Ford and Stepien 2004). Following 
postglacial recolonization of the Great Lakes, migration and dispersal patterns, 
reproductive behavior, and genetic drift likely modified and shaped genetic patterns. 
Historical effects on mtDNA variability in smallmouth bass revealed at least two genetic 
groups of mtDNA haplotypes in our data, which may represent the prefragmentation 
relationships of populations (Johnson et al. 2003).  
 
Patterns of Genetic Structure  
From the lack of consistent, significant divergences at the basin level across three 
data sets, bathymetric features partitioning Lake Erie into three basins appear to 
contribute minimally to the population structure of smallmouth bass. This is consistent 
with their inshore habitat and geographical dispersal in a linear array (significant isolation 
by distance model in microsatellites), suggesting that the coastline and the location of 
tributaries are more influential in smallmouth bass distribution. The latter has been 
implicated in explaining the paucity of smallmouth bass on the north shore of the central 
basin. Walleye display some correspondence to basin structure in Lake Erie, with 
additional divergence occurring among some individual spawning sites in lake reefs and 
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associated tributaries based upon mtDNA sequences (Stepien and Faber 1998, Stepien et 
al. 2004) and microsatellite data (Strange and Stepien, in review).  
Some fine-scale divergence among sites was discerned, but sites appeared only 
weakly divergent with present sample sizes. Genetic drift may have played a more 
prominent role in population divergence than either stepwise mutation in microsatellite 
data (n.s. global θST – ρST comparison) or gene flow in mtDNA data (n.s. relationship 
between site-pair divergences and distances). Mitochondrial DNA and nDNA data sets 
were not consistent in their overall pattern of population structure, but dissimilarities 
could have been exacerbated by the possibility of multiple genetic origins. Despite their 
lack of specific concordance, several sites were consistently identified as genetically 
distinct: Ashtabula, Bass Islands, Long Point Bay, and Sandusky Bay. It is noteworthy 
that while the Bass Islands and Sandusky Bay are in close geographical proximity within 
the western basin, they appear to be genetically divergent. The western basin is 
characterized by shallow water (< 30 m) and contains many rocky shoals, islands, and 
reefs suitable as spawning sites. The combination of the relatively large area of spawning 
habitats in the western basin and the possibility for nest site fidelity may have contributed 
to divergence between geographically proximate populations. A similar association of 
little population divergence (RST: 0–0.1), but significant divergence between bay and lake 
spawning groups was detected among yellow perch in Lake Michigan suggesting that 
unique circulation patterns in bays have contributed to population isolation (Miller 2003).  
Ward and Grewe (1994) and Waples (1998) point out that failure to reject the null 
hypothesis of no significant population structure does not imply a single panmictic stock, 
and Carvalho and Hauser (1994) provide several reasons why stock structure may not be 
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detected. A conservative management approach would be based on the greatest 
population structure discerned from each data source. In the case of smallmouth bass in 
Lake Erie, genetic differences across basins and among geographically adjacent sites in 
spawning groups are present, albeit for different reasons.  
 
Migration and Site Fidelity  
Male site fidelity of smallmouth bass has been demonstrated in the field, but 
philopatry has yet to be resolved empirically. Gross et al. (1994), however, inferred 
philopatry to explain patterns of genetic variation within and among nests in Lake 
Opeongo. Population genetic theory suggests that a high degree of homing fidelity could 
result in substantial numbers of private alleles and/or a few shared alleles given sufficient 
evolutionary time. This pattern was not observed during the present study. Confounding 
factors include the relatively short postglacial history of smallmouth bass in Lake Erie (~ 
14,000 years, or ~ 4,500 generations assuming a 3-year maturation) and thus potentially 
insufficient time for population divergence and mutation-drift equilibrium to have 
occurred or the relatively small sample sizes for microsatellite loci. Although private 
microsatellite alleles were present, no discernable geographic pattern was apparent and 
all private alleles occurred at frequencies of less than 5%. Possible differences between 
the sexes in site fidelity may obfuscate patterns and should be tested.  
Tagging and recapture studies by the Ohio Division of Wildlife (ODW 2004) 
revealed minimal movement of individuals during April–June of 1988–2002 (Fig. II.4); 
as well as differential distribution of males and females during June 2003, when 226 
(95%) of 237 smallmouth bass caught were females. The ODW (2004) postulated that 
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male smallmouth bass movement was limited due to nesting behavior, and females were 
found offshore before moving onto nests defended by males. Overall, the behaviors of 
male nest-site fidelity and adult summer ranges were not revealed in the genetic data. 
Only a significant isolation by distance pattern detected in the microsatellite data fits the 
assumption that migration occurs along the shoreline of Lake Erie and supports the field 
data that long distance migration is rare. Given the apparent lack of migration barriers in 
the lake, restricted gene flow leading to isolation by distance agrees with the behavior of 
male nest site fidelity. Under a modified stepping stone model proposed by Gold et al. 
(2001), geographically adjacent populations share greater gene flow and thus lack tightly 
circumscribed boundaries, instead showing more regional clustering patterns. 
 Extrapolation of divergence estimates to calculate the number of migrants was 
considered tenuous given the disparity in the divergence estimates among data sets, with 
Nm ranging from 0 to “infinity” for both mtDNA and microsatellites. Despite large 
migrant estimates, some sites within the same basin were genetically divergent, which is 
in agreement with Wright’s (1969) prediction that population divergence is possible 
despite migration. Up to 50 individual migrants per generation yielded statistical 
divergence in 50% of simulations by Allendorf and Phelps (1981). However, the potential 
for large variances in the reproductive success of smallmouth bass may confound our 
conclusions by artificially inflating divergence values and thus underestimating migration 
rates, especially when sampling from juvenile populations (Allendorf and Phelps 1981, 
Waples 1998): the “Allendorf-Phelps” effect.  
The Allendorf-Phelps phenomenon may have applicability in samples analyzed 
from Long Point Bay, ON. This sample consisted of young of year fish (YOY or age-0). 
 52
 53
It was not in HWE (before Bonferroni correction) and was involved in 14 of the 16 
pairwise comparisons identified by microsatellites statistically differing from other 
sampling sites. If the “Allendorf-Phelps” effect has artificially inflated divergence 
estimates at LPB, then most of the detected divergence that we found here is not 
representative of true population differences. Removal of site comparisons involving 
LPB, as it is a safe assumption that the YOY collection represents fish spawned within 
200 m of their nest of origin (Ridgway et al. 2002), reduced population divergence in 
microsatellites to levels comparable with mtDNA. 
 
CONCLUSIONS 
 
Although tagging and recapture data suggest that behaviorally defined spawning 
stocks may exist, the present study suggests only slight population genetic divergences 
and few pairwise differences among sites. Additional sampling would be required to 
reveal any subtle differences among sites, and therefore, a conservative fishery 
management approach would assume the presence of population structure as suggested 
by the behavioral data and weakly supported by the current genetic data. If populations 
are divergent due to their evolutionary histories (“passive” structure), management 
strategies are best oriented to preserve the current level of genetic diversity in the lake. 
Smallmouth bass populations in Lake Erie have not been stocked or enhanced (K. Kayle, 
pers. comm.); therefore, admixture of stock and natural populations has not been a  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure II.4. Smallmouth bass tagging areas (boxed) and recapture locations (dots) for 1998-2002. Tagging areas are (A) western basin 
reef complex, (B) nearshore areas from Port Clinton to Lakeside, OH, (C) Bass Islands and Kelley’s Island, and (D) central basin from 
Huron to Cleveland, OH. (Reproduced with permission from Kevin Kayle, Fairport Harbor Fisheries Research Unit, ODW, ODNR).  
A B
C D
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confounding factor. If populations are divergent because of biological and behaviorally 
based factors (“active” structure), not only should stocks remain unmixed, but also the 
factors leading to divergence should be managed. For smallmouth bass specifically, if 
divergence is due to nest fidelity, then management tactics could include the regional 
conservation and preservation of spawning sites. Not only do these results support the use 
of multiple genetic data sources (Ruzzante et al. 1999), but also joint analyses of 
molecular and empirical field data are complementary for elucidating features of 
population structure. We continue to sample throughout the Great Lakes in order to 
address the implications of this question more thoroughly for smallmouth bass fishery 
management. 
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CHAPTER III 
 
ASSESSMENT OF GENETIC DIVERGENCE BETWEEN LACUSTRINE AND 
RIVERINE SMALLMOUTH BASS IN LAKE ERIE AND FOUR TRIBUTARIES1 
 
W. Calvin Borden 
 
ABSTRACT 
 
Diverse freshwater lacustrine fishes enter tributaries to spawn, but resident 
riverine members may also occupy these same tributaries. While mark-recapture and 
biotelemetry studies suggest reproductive isolation between such populations, the 
assertion has rarely been tested genetically. To address this question, smallmouth bass 
(Micropterus dolomieu) from the southern shoreline of Lake Erie were compared 
genetically to bass in adjacent tributaries. Results from mitochondrial DNA sequences 
support the hypothesis that lacustrine and riverine populations segregate. Furthermore, 
divergences among tributary populations were often as large as those divergences  
                                                 
1 In press as Borden, W.C. 2008. Assessment of genetic divergence between lacustrine and riverine 
smallmouth bass in Lake Erie and four tributaries. Northeastern Naturalist.  
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between lacustrine and riverine bass suggesting that each river population may become 
genetically distinct.  
 
 
INTRODUCTION 
 
Migration in fishes is a common phenomenon generally related to food 
distribution, habitat preferences, and reproductive requirements (Lucas and Baras 2001). 
While diadromous migrations (those occurring between fresh and salt waters) are often 
the most spectacular, potamodromous migrations (those occurring solely within 
freshwaters) appear to be more common than previously recognized. Fishes display 
seasonal migrations in search of spawning sites, optimal water temperature, or flow (Bunt 
et al. 2002). Consequently, discrete populations may have contact over relatively small 
spatial and temporal scales although the genetic consequences are usually unknown.  
Black basses are well-recognized members of both riverine and lacustrine 
warmwater fish communities and one of the top predators in aquatic ecosystems (Sowa 
and Rabeni 1995). Smallmouth bass (Micropterus dolomieu Lacépède) are indigenous to 
Lake Erie and all of its tributaries (Trautman 1981) and colonized these waters from the 
Mississippian refugium (Mandrak and Crossman 1992) following retreat of the last 
glacial advance ~ 14000 ya. Adult lacustrine smallmouth bass follow a structured 
migratory pattern among spawning sites and seasonal home ranges (Ridgeway et al. 
2002). Each spring more than 70% of spawning males return to within 100 m of their 
previous year’s nest (Ridgway et al. 1991). Thus philopatry is probable (Gross et al. 
1994) though not yet demonstrated. The preferred nest habitat is sand or gravel in the 
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shallows of lake margins and river mouths (Scott and Crossman 1973). Nest site fidelity 
is arguably adaptive since the nonrandom location of nests is important for egg and early 
larval survival rates, all critical components of recruitment rates (Rejwan et al. 1997). 
Following courtship display, males defend the eggs and fry. Even with good nest sites 
and paternal care, survival to a free-swimming larval stage ranges from 21-96% due to 
predators, fungal infection, storms, water level, and temperature fluctuations (Steinhart et 
al. 2005, Webster 1954). Consequently, there is an enormous discrepancy in male fitness, 
as larger males procure more matings (Wiegmann et al. 1992), support larger broods 
(Ridgway and Friesen 1992), defend nests more successfully (Philipp et al. 1997), and 
thereby contribute more offspring to the fall young-of-the-year class (Knotek and Orth 
1998). In fact, Gross and Kapuscinski (1997) determined that only 5.4% of spawning 
males contribute to 54.7% of an average young-of-the-year class. This age-0 class 
remains within 200 m of the nest and overwinters nearby before dispersing from their 
natal area as juveniles (Ridgway et al. 2002).  
Lyons and Kanehl (2002) reviewed the migration patterns of native smallmouth 
bass noting that some lake individuals move into tributaries in the spring for spawning 
but subsequently return to the lake, a potamodromous migratory pattern described as 
lacustrine-adfluvial (Varley and Gresswell 1988). Such populations of smallmouth bass 
have been described from Cayuga Lake, NY (Webster 1954), eastern Lake Ontario–St. 
Lawrence River (Stone et al. 1954), Lake Simcoe, ON (Robbins and MacCrimmons 
(1977), and Lake Ontario, NY (Gerber and Haynes 1988). Thus, several groups of 
smallmouth bass may co-exist within a single lake system: lacustrine populations residing 
and spawning within the lake, potamodromous populations residing in the lake but 
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spawning in tributaries, and resident tributary populations. Therefore, genetic variation in 
two regions of the mitochondrial genome (control region and cytochrome b) was 
quantified and used to test this assertion with respect to lake and river groups. Two 
hypotheses were evaluated in the context of smallmouth bass behavior and migration 
patterns: (1) have riverine and lacustrine smallmouth bass diverged genetically and (2) 
are smallmouth bass from adjacent rivers more closely related to each other than they are 
to lacustrine fish? 
 
MATERIALS AND METHODS 
 
Smallmouth bass were collected from the central and western basins of Lake Erie and 
from four tributaries along the southcentral and southeastern shoreline by trawling, 
seining, or electroshocking (Fig. 1). Detailed sampling site locations and dates are given 
in the caption of Figure 1. Sites names within Lake Erie (Fairport Harbor, Perry, 
Ashtabula, Conneaut, OH, and Van Buren Bay, NY; listed west to east) were delineated 
by the Ohio Division of Natural Resources but largely represent the nearest city on the 
southern shore. Predominantly pre-spawning adults (> 300 mm TL) were sampled from 
lacustrine sites, and they represent fish previously described in Borden and Stepien 
(2006) with the addition of one fish from “Ashtabula”. Lacustrine fish from the western 
basin of Lake Erie and Long Point Bay, ON, were excluded from this analysis because 
lacustrine fish sampled closest to the river mouths were assumed to be most relevant for 
contrasting potential lacustrine-riverine differences. The Chagrin, Cuyahoga, and Grand 
Rivers (all in OH) were tributaries in the central basin of Lake Erie, and Cattaraugus  
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Figure III.1. Collection sites of smallmouth bass from Lake Erie and four tributaries are 
indicated with a filled circle. Coastal collections (west to east) were made at Fairport 
Harbor, OH; Perry, OH; Ashtabula, OH; Conneaut, OH; and Van Buren Bay, NY. 
Dashed lines indicate watershed boundaries. Vertical bars on rivers indicate the location 
of falls or dams: Cuyahoga River – Cuyahoga Falls, Chagrin River – Chagrin Falls, 
Grand River – Harpersfield Dam. Inset: Great Lakes highlighting Lake Erie.  
Riverine sampling sites listed from mouth to headwater: Cattaraugus Creek (n 
total = 11): Erie County, NY, below bridge of state highways 5 and 20. 14-29 April 2003. 
Chagrin River (n total = 19): Cuyahoga County, OH, 500 feet south of Cedar Road off 
Chagrin River Road. 18 June 2003, (n = 11); Cuyahoga County, OH, mouth of Griswold 
Creek. 27 June 2005, (n = 4); Geauga County, OH, Fairmount Road and state highway 
306. 27 June 2005, (n = 4). Cuyahoga River (n total = 10): Summit County, OH, at Brust 
Park in Munroe Falls, OH. 08 July 2003, (n = 5); Portage County, OH, at John Brown 
Tannery Park in Kent, OH. 08 July 2003, (n = 5). Grand River (n total = 12): Lake 
County, OH, mouth of Grand River. April 2005, (n = 1); Lake County, OH, 100 yards 
downstream of state highway 528 bridge. 18 June 2003, (n = 1); Ashtabula/Lake County 
line in OH. 14 September 2001, (n = 1); Ashtabula County, OH, 200 yards downstream 
of Harpersfield Bridge on old state highway 534. 18 June 2003, (n = 4); Ashtabula 
County, OH, Riverdale Bridge. 10 October 2005, (n = 3); Ashtabula County, OH, Rock 
Creek, tributary of Grand River near state highway 45. 14 September 2001, (n = 2). 
N
50 km 
Cuyahoga  
River 
Chagrin River 
Grand River 
Cattaraugus Creek
Lake Erie 
Creek (NY) is a tributary in the eastern basin (Fig. 1). Juvenile and adult smallmouth bass 
were sampled from the Cuyahoga River (n = 10, range 92-385 mm total length [TL], median 
total length [η] = 169 mm), Chagrin River (n = 19, 35-235 mm TL, η = 100 mm), Grand 
River (n = 12, 60-447 mm TL, η = 107 mm), and Cattaraugus Creek (n = 11, 313-456 mm 
TL, η = 381 mm) spanning the months of April to October from 2001 to 2005. The median 
length of riverine fish was small, indicating predominately a juvenile collection. The only 
exception was Cattaraugus Creek, where all fish were of spawning size and age. Smallmouth 
bass have not been stocked within Lake Erie in recent history (pers. comm., K. Kayle). 
The collection locations, dates, and median size of the fish sampled within the rivers 
lend confidence that stream resident smallmouth bass were collected. Multiple collection 
sites within each river mitigated the effects of sampling the same “family” or cohort of 
smallmouth bass. Collection sites in the Chagrin, Cuyahoga, and Grand Rivers were located 
upstream of lowhead dams or natural falls. Summer sampling of river populations reduced 
the confounding effects of sampling lacustrine fish during either a spring or fall migration 
(Lyons and Kanehl 2002). The two exceptions were collections made in April near the mouth 
(< 5 km from Lake Erie) of the Grand River (n=1) and Cattaraugus Creek (n=11). Despite 
attempts to mitigate the effects of non-random sampling, small sample sizes may not have 
removed the potential effects of random chance due to sampling error.  
Fin clips were taken and stored either on ice in the field and then at -80°C in the 
laboratory or placed directly in 95% ethyl alcohol in the field. DNA extraction, amplification, 
and sequencing details were described previously (Borden and Stepien 2006) including 
haplotype designations. Concatenated sequences (840 total bp) were constructed from 540 bp 
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of the 3’ end of cytochrome b and 300 bp of the 5’ end of the control region and analyzed as 
such.  
Mitochondrial DNA variation was described using several diversity indices. 
Population structure between riverine and lacustrine sites and among riverine sites was 
evaluated using statistical analyses of differentiation (Raymond and Rousset 1995), estimates 
of divergence (ΦST of Weir and Cockerham 1984), and average pairwise distances corrected 
for within population variation [dA = dxy – {dx + dy}/2 (Nei 1987)]. In these analyses of 
population structure, lacustrine samples were pooled as a single lake collection based on the 
findings of Borden and Stepien (2006) and Stepien et al. (2007). An AMOVA (Excoffier et 
al. 1992) using haplotype pairwise differences was performed to partition genetic variation. 
The goal was to quantify the contribution from (1) lake versus river samples and (2) 
differences among sampling sites within a habitat (lake or river). All calculations were 
performed with Arlequin 3.11 (Excoffier et al. 2006), and p-values were evaluated using 
sequential Bonferroni correction (Rice 1989).  
A mitochondrial gene tree was constructed using maximum parsimony under a 
branch and bound search and neighbor-joining with mean uncorrected p-distances 
(PAUP*v.4.0b10; Swofford 1998). Phylogenetic analyses of intraspecific haplotypes violate 
assumptions of bifurcating lineages and the retention of ancestral haplotypes in the 
population (Posada and Crandall 2001). Consequently, a haplotype network was constructed 
using the median joining (Bandelt et al. 1999) and post-processing Steiner algorithms (Polzin 
and Daneschmand 2003) in Network v. 4.1.1.2 (Rohl 2004). Nested clade analysis 
(Templeton et al. 1995) was employed to differentiate population structure from population 
history. Haplotypes in the resulting network were nested using ANeCA (Automated Nested 
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Clade Analysis, Panchal 2006, Panchal and Beaumont 2007) following the criteria outlined 
by Templeton et al. (1987), Templeton and Sing (1993), Crandall (1996), and Templeton 
(2002). The spatial arrangement among sampling sites was best described by linear distances 
along rivers and the shoreline of Lake Erie. Thus, a matrix of pairwise distances among the 
nine sampling sites and the nesting structure of haplotypes were tested for nonrandom 
associations between haplotypes and geography using Geodis v2.5 (Posada et al. 2000). Two 
summary statistics, Dc and Dn, describing the spatial relationships of haplotypes in a clade 
and among nested clades were then interpreted using an inference key (14 July 2004) in 
ANeCA.   
 
RESULTS 
 
 
Sixteen concatenated haplotypes were found in 91 smallmouth bass from four Lake 
Erie tributaries and adjacent lake populations (Table VI). From the 10 haplotypes present in 
multiple copies, one was restricted to Lake Erie, four were restricted to rivers, and five were 
shared between samples from the rivers and the lake. Cytochrome b and control region 
sequences were submitted to Genbank (Table VI). 
 Analyses on pooled data for fish collected in rivers and Lake Erie indicated that these 
populations have diverged [fixation index (ΦST = 0.14, p < 0.01), genetic distance (dA = 0.04, 
p = < 0.01), and population differentiation test (p < 0.01)].  Of the four lake to river pairwise 
comparisons, the average ΦST ± SE was 0.26 ± 0.10; the average pairwise distance was 0.65 ± 
0.34 (Table VII). However, a lake to river partition (AMOVA) explained only 9.3% of the 
variation (FCT = 0.09, p = 0.14), in part because among sampling site variation within habitat 
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type (lake or river) explained 19.4% of the variation (FSC = 0.21, p < 0.01). The largest 
source of variation occurred within sampling sites (71.4%, FST = 0.29, p < 0.01). Even fish 
from Cattaraugus Creek were divergent from fish in Lake Erie, suggesting that these two 
groups do not belong to the same population despite their close proximity.  
Samples from each river generally differed significantly from other rivers (Table 
VII). The greatest divergence occurred between the Chagrin and Grand Rivers while the 
lowest divergence occurred between the Chagrin and Cuyahoga Rivers. The average river–
river divergence (average ΦST = 0.27 ± 0.15) and average river-river genetic distance (dA = 
0.89 ± 0.53) were similar in magnitude to pairwise lake–river differences.  
Haplotype divergences ranged from 0.1% to 0.6% indicative of the relatively young 
age of this system (< 14000 y). These small divergences were reflected in a poorly resolved 
gene tree (not shown) and a cycle within the haplotype network (Fig. 2A). Yet, some clade 
divergences could be attributed to intrinsic and extrinsic population mechanisms. Nested 
clade analysis identified three 2-step clades and six 1-step clades (Fig. 2B). Clade II-1 was 
predominantly composed of riverine haplotypes; lacustrine haplotypes dominated clade II-2; 
and clade II-3 was comprised of riverine and lacustrine haplotypes. Contiguous range 
expansion was the most likely mechanism identified producing clade II-1 which itself was 
composed of a western clade (I-2 in the Chagrin and Cuyahoga Rivers or Lake Erie) and an 
eastern clade (I-1 in Cattaraugus Creek). Restricted gene flow with isolation by distance was 
the most likely mechanism identified producing clade I-2. While the remaining clades failed 
to reject the null hypothesis of a random association between the distribution of sampling 
sites and haplotypes, many of the clades were characterized by haplotypes restricted to, or 
dominated by, a single habitat. 
Table VI. Distribution of mtDNA concatenated haplotypes and nested clade delineations. Haplotype numbers of cytochrome b (cytb) 
and control region (ctrl) sequences are consistent with those in Borden and Stepien (2006). 
Clade Haplotype Lake Erie 
Cuyahoga 
River 
Chagrin 
River 
Grand 
River 
Cattaraugus 
Creek n 
Cytb 
Hap # 
GenBank 
Accession 
Ctrl 
Hap # 
GenBank 
Accession 
II-1            
I-1 A     4 4 1  11 EU267709 
 B     1 1 2  10 EU267708 
I-2 C  4 10   14 6 EU267711 3  
 D 4  3  1 8 1  3 DQ354377 
 E  2    2 7 EU267712 3  
II-2            
I-3 F 6     6 1  4 DQ354378 
I-4 G 6   7 1 14 1  2 DQ354376 
II-3            
I-5 H 7  6 2 1 16 1 DQ354383 1 DQ354375 
 I 3    2 5 1  7 DQ354381 
 J 12 1   1 14 2 DQ354384 1  
 K 1     1 4 DQ354386 1  
 L    1  1 1  12 EU267710 
 M    1  1 8 EU267713 1  
I-6 N  2    2 5 DQ354387 1  
 O  1    1 5  9 EU267707 
 P    1  1 5  5 DQ354379 
  39 10 19 12 11 91     
 h 0.83 0.82 0.63 0.67 0.87      
 SE < 0.01 0.03 0.02 0.04 0.03      
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 Table VII. Population divergence (ΦST – above diagonal) and genetic distance (dA – 
below diagonal) estimates among riverine and between riverine–lacustrine smallmouth 
bass based on concatenated mtDNA sequences of cytochrome b and the control region. 
Negative values are converted to zero. “*” indicates statistical significance following 
sequential Bonferroni correction.  
 
 Cuyahoga R. Chagrin R. Grand R. Cattaraugus C. Lake Erie
      
Cuyahoga River  < 0.01 0.34* 0.20* 0.29* 
Chagrin River 0.00  0.45* 0.31* 0.38* 
Grand River 1.21* 1.56*  0.32* 0.18* 
Cattaraugus Creek 0.66* 0.92* 0.93*  0.19* 
Lake Erie 0.74* 1.08* 0.36* 0.41*  
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Figure III.2. Relationships of 16 concatenated mtDNA haplotype as determined by (A) a 
haplotype network and (B) nested clade analysis. Circles represent haplotypes identified 
by letters as in Table VI. (A) This network was produced from the median joining and 
Steiner algorithms in Network v. 4.1.1.2. Black fill indicates lacustrine origin of 
collection; white fill indicates river origin. Circle size indicates the relative proportion of 
each haplotype; the smallest circles are singletons. Haplotypes are separated by one base 
pair change except haplotypes D and C, which are separated by two base changes both in 
the cytochrome b gene. (B) One-step clades are identified by an “I-clade number” and 
enclosed in rounded boxes. Two-step clades are identified by a “II-clade number” and 
enclosed in dashed boxes. Clades I-2 and II-1 rejected the null hypothesis of a random 
association between geography and haplotype distribution.  
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DISCUSSION 
 
Evidence for Discrete Lacustrine and Riverine Populations 
Genetic evidence is consistent with the hypothesis that riverine and lacustrine 
smallmouth bass represent reproductively isolated groups, though contemporary gene 
flow between them cannot be ruled out. Riverine fish shared only 31% of the mtDNA 
haplotypes with lacustrine fish, and most private haplotypes occurred in riverine fish. 
While the lake-river partition of smallmouth bass accounts for only 9.3% of the total 
variation, inferences from F-statistics and genetic distances support a genetic distinction. 
The large variation among and within sampling sites, combined with modest sample 
sizes, may have contributed to the statistical non-significance and therefore limits 
conclusions that can be drawn in this study. However, the relatively weaker estimates of 
population divergence among geographically distant lacustrine sites within Lake Erie, as 
observed by Borden and Stepien (2006) and Stepien et al. (2007), suggest that the lake-
river dichotomy is an important biological element shaping the genetic structure of 
smallmouth bass populations in the watershed. While distinct lacustrine populations can 
be associated with large bays (e.g. Sandusky Bay, OH; Long Point Bay, ON) or shoals 
and reefs, particularly among the islands in the western basin of Lake Erie (Borden and 
Stepien 2006, Kelso 1973, Stepien et al. 2007), each tributary appears to be characterized 
by its own divergent population of smallmouth bass.  
Most haplotype clades are indicative of either a river or lake habitat. Moreover, 
riverine clades (I-1, I-2, I-6, II-1) occur at the periphery of the haplotype network while 
lacustrine dominated clades are generally more centrally located, suggesting that riverine 
smallmouth bass were founded from lacustrine populations. As a consequence, restricted 
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gene flow between smallmouth bass in the central basin of Lake Erie and those in the 
Cuyahoga and Chagrin Rivers is a possible mechanism explaining their divergence as 
indicated by the NCA (Fig. 2B, clade I-2). Though small sample sizes limit firm 
conclusions, the data are consistent with a colonization scenario of dispersal from 
ancestral waterways into the tributaries, followed by restricted gene flow which 
ultimately resulted in divergent populations. Such lake-river divergence of smallmouth 
bass could be maintained by seasonal migratory habits (Lyons and Kanehl 2002, 
Ridgway et al. 2002) and nest site fidelity (Ridgway et al. 1991). Alternatively, the 
possibility that smallmouth bass colonizing Lake Erie and its tributaries originated from 
multiple and distinct gene pools is not addressed here and cannot be eliminated as a 
potential contributor to their genetic divergence.  
Differentiation of lacustrine and riverine fish populations is taxonomically and 
geographically widespread (Lucas and Baras 2001). For example, Trautman (1981) 
observed morphological and meristic differences in lacustrine and riverine populations of 
greenside and Johnny darters (Percidae) and the central stoneroller (Cyprinidae) within 
these same tributaries of Lake Erie. [Post publication note: Trautman attributed these 
differences to recolonization by subspecies from distinct glacial refugia and not to recent 
divergence. Miles Coburn, personal communication]. Even in a relatively young lake (~ 
14,000 years) such as Lake Erie, genetic evidence is consistent with reproductive 
segregation of lacustrine and riverine populations of smallmouth bass. A genetic 
evaluation of putative potamodromous populations (Gerber and Haynes 1988, Robbins 
and MacCrimmons 1977, Stone et al. 1954, Webster 1954) co-occurring with stream and 
lake populations of smallmouth bass would be worthy of future study.   
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 Evidence for Divergence Among Tributary Populations 
Perhaps as important as the apparent separation of riverine-lacustrine populations 
is that many of the relatively small Lake Erie tributaries seem to possess genetically 
distinct populations of smallmouth bass. Minimal levels of divergence among sites in 
Lake Erie (Borden and Stepien 2006, Stepien et al. 2007) suggest that the among-site 
variation (19.4%) is due largely to haplotype variation among the tributary populations. 
Divergence among the tributary populations is an equally important element that shapes 
the genetic structure of smallmouth bass populations across the Lake Erie watershed and 
it logically arises as a by-product of a river-lake dichotomy. Among these proximate 
rivers, three apparent geographical patterns were observed: (1) the Chagrin and Cuyahoga 
River fish are characterized by a small genetic divergence; (2) this pairing differs from 
neighboring Grand River bass and more distant Cattaraugus Creek bass; and (3) the 
Grand River population, while significantly divergent from bass in Lake Erie, are more 
similar to lake populations than they are to bass from other tributaries. The glacial history 
provides clues that are consistent with these patterns.  
The Cuyahoga River bounds the Chagrin River on three sides (Fig. 1) and both 
rivers possess naturally occurring falls and rapids that currently limit upstream migration 
of fishes. Chagrin Falls is a naturally occurring 6 m waterfall, and Cuyahoga Falls is a 
series of rapids and falls through which the river drops 67 m; both of these natural 
barriers have been supplemented with small dams. A small genetic divergence between 
bass in these rivers is consistent with recent mixing of headwater populations, which may 
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have been facilitated by river capture of the headwaters during isostatic rebound (Bishop 
1995).  
The Grand River may have had a more recent and extended connection with the 
lacustrine habitat of primordial Lake Erie not shared by the Chagrin and Cuyahoga 
Rivers. During the last ice advance in the late Woodfordian period (~ 15000 ya), two 
glacial lakes (Rock Creek Lake and Grand River Lake) occupied the present day Grand 
River valley (White 1982, White and Totten 1979). This extended lacustrine connection 
with the lowland Grand River may explain the lower divergence between the current 
smallmouth bass in the Grand River and Lake Erie.  
According to results from the nested clade analysis, the apparent divergence of 
bass in Cattaraugus Creek may be due to contiguous range expansion. Consistent with 
this interpretation is that the Wisconsinin sheet retreated from the Erie basin in a 
southwest to northeast direction, possibly allowing smallmouth bass from the central 
basin to disperse more than 200 km along the southern shore in an easterly direction 
toward Cattaraugus Creek. This scenario is supported by the nesting structure of clade II-
2 which is comprised of a western clade found in Cattaraugus Creek (I-1) and a larger, 
predominantly eastern clade (I-2). Furthermore, the western clade in Cattaraugus Creek is 
derived from the eastern clade found in the central basin and the Chagrin and Cuyahoga 
Rivers.  
While results indicate that river populations may be distinct from one another, 
specific relationships among river populations remain uncertain. For example, the small 
mtDNA divergence of smallmouth bass between the Cuyahoga and Chagrin Rivers is 
contradicted by a very large and statistically significant nDNA microsatellite divergence 
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(Stepien et al. 2007). However, discordance between mitochondrial and nuclear markers 
is not uncommon (e.g. Brown et al. 2005, Canestrelli et al. 2007). The distribution of 
genetic variation within a single river was not evaluated, but resident stream smallmouth 
bass possess variable migratory behaviors within and among rivers (Lyons and Kanehl 
2002, Paragamian and Coble 1975, Reynolds 1965), which may have contributed to this 
discrepancy. Small samples sizes might also have played a role in their discordance 
necessitating that conclusions drawn from these results should be tempered. As 
anticipated for other aquatic organisms in these rivers, Chagrin and Grand River 
populations of the winter stonefly [Allocapnia recta (Claassen)] are also genetically 
divergent (Yasick et al. 2007), potentially indicating a shared genetic response by diverse 
organsimal groups to common geographical events. Regardless of their interrelationships, 
all riverine populations appear to have diverged from each other, even those within close 
geographical proximity.  
The small geographical scale of four tributaries and modest sample sizes from 
those populations soften the results of this study. However, the suggestions that riverine 
populations are divergent, and distinct from lacustrine smallmouth bass, warrant a more 
thorough evaluation of their genetic variation. Similarly, future research to assess the 
presence of potamodrous smallmouth bass populations in this system would be well 
served.  
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CHAPTER IV 
 
GLACIAL AND POPULATION-LEVEL INFLUENCES ON THE GEOGRAPHICAL 
DISTRIBUTION OF MITOCHONDRIAL GENETIC VARIATION AMONG 
SMALLMOUTH BASS (MICROPTERUS DOLOMIEU, CENTRARCHIDAE) 
POPULATIONS IN THE GREAT LAKES1 
 
W. Calvin Borden and Robert A. Krebs 
 
ABSTRACT 
 
 Smallmouth bass, Micropterus dolomieu, were sampled from 71 sites across its 
native distribution and were characterized by concatenated sequences of two 
mitochondrial genes (cytochrome b and control region). Bayesian analyses recovered a 
pectinate gene tree that indicated sequential colonization events northward based on 
derived haplotypes and lower nucleotide and haplotype diversities in northern 
                                                 
1 Manuscript to be submitted to Journal of Biogeography as Borden, W.C., and R.A. Krebs. Glacial and 
population-level influences on the geographical distribution of mitochondrial genetic variation among 
smallmouth bass (Micropterus dolomieu, Centrarchidae) populations in the Great Lakes. 
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populations. Nested clade analyses produced two 3-step clades distributed between 
western and eastern sites. Contiguous range expansion and isolation by distance were the 
most common mechanisms yielding the observed distributional pattern, and these 
mechanisms were consistent with a priori hypotheses of range expansion following the 
retreat of the Wisconsinan ice sheet. The oldest haplotypes were found in the Ouachita 
Highlands and were segregated by river basin, while haplotypes from the Eastern 
Highlands were dispersed throughout the gene tree. Smallmouth bass from the western 
Great Lakes (Superior, Michigan, northern Lake Huron) and the Illinois and Mississippi 
Rivers were represented by a single phylogroup. Populations in the lower reaches of the 
Wabash River and central Great Lakes contained multiple haplotype lineages probably 
due in part to multiple dispersal corridors to these latter basins, while bass from Lake 
Ontario, Georgian Bay (eastern Lake Huron), and the St. Lawrence River were 
characterized by a single haplotype of recent origin. Therefore, the most important routes 
used by smallmouth bass to access the Great Lakes were probably the Brule-Portage 
outlet into Lake Superior (Mississippi and St. Croix Rivers), the Chicago outlet into Lake 
Michigan (Illinois and Fox Rivers), the Fort Wayne outlet into Lake Erie (Wabash and 
Maumee Rivers), the Lower Peninsula of Michigan into Saginaw Bay and southern Lake 
Huron (Grand River valley), and the Kirkfield outlet into Georgian Bay of Lake Huron 
(Kawartha Lakes region of central Ontario). Sampling sites at higher latitudes contained 
derived haplotypes and were characterized by lower nucleotide and haplotype diversities.  
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INTRODUCTION 
 
 Historical geological changes have had a profound impact on the aquatic fauna of 
eastern North America. Most of these interior rivers have undergone modifications due to 
marine intrusions, mountain uplift, and massive ice sheets. During the last million years 
in particular (i.e. Pleistocene), freshwater fishes acclimatized, migrated to suitable 
habitat, or contracted their distributions into isolated refugia in response to episodic 
fluctuations of the climate, namely glaciations. While this time period is too recent to 
contribute substantially to divergent polymorphisms among populations, it has had a 
profound impact on the degree and distribution of genetic variation of North American 
freshwater fishes. Mapping the relative roles of these events on genetic architectures, and 
differentiating their contributions from contemporary population-level processes, requires 
interpretation of the phylogeographic patterns that remain in the populations present 
today.  
 The Pleistocene brought with it episodic glacial and interglacial periods that 
altered the geography and drainage patterns of North American rivers. Prior to the 
Pleistocene, a continuous highland region, the Central Highlands, was hypothesized to 
stretch across the interior of the USA. The history of this area is reviewed in Mayden 
(1987), but briefly, these highlands were eventually split into two disjunct regions by a 
combination of the Mississippi Embayment, which extended to Illinois (Burr and Page 
1986), and glacial till deposits which flattened the topography of western Ohio, Indiana, 
and Illinois. The remnants of these highlands are known as the Interior and Eastern 
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Highlands and are represented by the Ouachita and Ozark Mountains in the west and the 
Appalachian Mountains in the east (Fig. IV.1). The sandy, silty plains of the Mississippi 
River valley have formed migration barriers for many fish and other aquatic organisms 
that are adapted to fast flowing, high-gradient, highland streams (Hocutt et al. 1986).  
 Many native members of the North American fish fauna now display this disjunct 
distribution, occurring in the Interior and Eastern Highlands but absent in the intervening 
coastal and till plains (Wiley and Mayden 1985, Burr and Page 1986, Mayden 1987). 
Two mechanisms are hypothesized to cause such a distribution: either vicariance of a 
large population which once extended across the Central Highlands (a pre-Pleistocene 
vicariance model) or dispersal of individuals from the Eastern to the Interior Highlands (a 
Central Highlands-Pleistocene dispersal model)  (Wiley and Mayden 1985;  Mayden 
1985, 1988). These alternative mechanisms have been tested using a variety of native, 
freshwater fishes including darters (Wiley and Mayden 1985, Turner et al. 1996, Strange 
and Burr 1997, Near et al. 2001, Mitchell et al. 2002; Near and Keck 2005, Morrison et 
al. 2006, Ray et al. 2006), cypriniforms (Wiley and Mayden 1985, Strange and Burr 
1997, Berendzen et al. 2003, 2008), siluriforms (Hardy et al. 2002), cottids (Strange and 
Burr 1997), and cyprinodontiforms (Wiley and Mayden 1985, Grady et al. 1990, Strange 
and Burr 1997). While some fishes were more influenced by either vicariance (e.g. 
eastern and western clades of gilt darters, Near et al. 2001) or dispersal (e.g. banded 
sculpin, Strange and Burr 1997), collectively they support the assertion that both 
vicariance and dispersal have been important in structuring populations (Ronquist 1997), 
even within the same species (e.g. Near et al. 2001) or genus (e.g. Nothonotus darters, 
Near and Keck 2005). 
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Figure IV.1. Collection sites (n=71) of smallmouth bass across the Great Lakes and 
central USA. Site numbers are consistent with Table VIII. Sites 21-30 (Lake Erie) and 
35, 37, and 38 (Chagrin, Cuyahoga, and Grand Rivers) are a collection of sampling 
stations as detailed in Borden and Stepien (2006) and Borden (2008) respectively. Major 
rivers are highlighted grey, and the Great Lakes are grey filled. The maximum extent of 
the Wisconsinan ice sheet is represented by the dots (after Péwé 1983). Lake and river 
labels are Su – Lake Superior, Mi – Lake Michigan, Hu – Lake Huron, Gb – Georgian 
Bay, On – Lake Ontario. The unlabelled Great Lake is Lake Erie. The boundaries of the 
Interior (Ouachita and Ozark) and Eastern Highlands (shaded areas) approximate Mayden 
(1987). Only a portion of the Ouachita Highlands has been included on this map.   
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 Pleistocene glaciations also shaped the Great Lakes basin. Each advance buried 
river courses, confined fish populations into geographically restricted refugia, and 
excavated basins. As the sheet retreated, meltwater formed periglacial lakes from which 
temporary outlets flowed toward these southern refugia and isostatic rebound altered the 
direction of meltwater flow. Amidst these topographical changes, aquatic organisms 
dispersed northward into vacant habitat. The timing and duration of lake and outlet 
connections determined which dispersal events were successful and contributed to both 
the faunal compositions (Bailey and Smith 1981, Mandrak and Crossman 1992) and 
phylogeographic patterns of Great Lakes’ fishes (e.g. Murdoch and Hebert 1997, Wilson 
and Hebert 1998).  
 The smallmouth bass (Micropterus dolomieu) is a native North American fish 
inhabiting cool water streams with riffles and hard substrate and clear water lakes. It is a 
well-known game fish with a well-circumscribed distribution across the rivers and lakes 
of east-central North America (Scott and Crossman 1973, Trautman 1981, Page and Burr 
1991). It colonized the Great Lakes from presumably the Mississippian refugium (Bailey 
and Smith 1981, Mandrak and Crossman 1992) using a number of routes including the 
Warren, Chicago, Fort Wayne, lower peninsula of Michigan, and the Kirkfield outlets 
(Fig. IV.2, Mandrak and Crossman 1992). As such, the smallmouth bass is an ideal 
model organism to track changes in distribution associated with climatic events such as 
those that altered the Central Highlands and formed the Great Lakes. In addition, the 
smallmouth bass provides a worthwhile contrast to previous ichthyological studies that 
used smaller and presumably less vagile species. 
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 This study is the third in a series that addresses smallmouth bass population 
structure at different geographical scales. Herein, we expand the geographical scope of 
Borden and Stepien (2006 – Lake Erie) and Borden (2008 – riverine versus lacustrine 
populations) by incorporating smallmouth bass from all five Laurentian Great Lakes, the 
Interior and Eastern Highlands, and the adjacent Allegheny, Illinois, Mississippi, Ohio, 
St. Lawrence, and Wabash River watersheds.  
 The primary objective is to summarize the phylogeographic pattern of smallmouth 
bass populations across the Great Lakes and potential refugia in the Eastern and Interior 
Highlands. In order to complete that task, it is necessary to determine the routes used by 
colonizing smallmouth bass as they dispersed toward the Great Lakes and in doing so 
will constitute a genetic evaluation of previous hypotheses based on distributional data 
(Bailey and Smith 1981, Mandrak and Crossman 1992). Specific hypotheses of drainage 
rearrangement and their effects on phylogeographic patterns can be evaluated. This study 
has a unique component in that it spans geographically both unglaciated highland habitats 
and once glaciated habitats in the Great Lakes thus allowing a more comprehensive 
synthesis of both dispersal and vicariant contributions to population structure. This task 
can be daunting as population-level processes (e.g. genetic drift, isolation by distance, 
etc), species-specific behaviors (e.g. vagility, philopatry, nest-site fidelity, etc), life 
history traits (e.g. length of juvenile stage, timing of reproduction, etc), and human 
influences each contribute to phylogeographic patterns. Thus, the challenge for 
biogeographers and population biologists is to differentiate and identify factors 
influencing genetic architecture.  
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Figure IV.2. Potential colonization routes of smallmouth bass based on their origin from 
the Mississippian refugium (after Mandrak and Crossman 1992). “LP MI” is the “lower 
peninsula of Michigan”, namely the Grand River Valley. Dispersal routes from the 
Missourian (e.g. Sheyenne) and Atlantic refugia (e.g. Mohawk and Champlain) are not 
included. Lake abbreviations are as in Figure IV.1. 
 
 
MATERIALS AND METHODS 
 
Sample Collection 
 Smallmouth bass were collected throughout their native range (Fig. IV.1, Table 
VIII) with emphasis on the Great Lakes using seines, gill nets, electrofishing, or angling. 
Results from Lake Erie and four of its tributaries were previously included in Borden and 
Stepien (2006) and Borden (2008) respectively, which comprised 30% of the data used 
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herein. Populations outside the Great Lakes watershed were chosen to include known 
glacial outlets, and hence potential colonization pathways, in an effort to resolve North 
American phylogeographical patterns. Fin clips were obtained from numerous individuals 
at university, provincial, state and federal agencies in addition to sportsmen and private 
businesses. In most instances, clips were immediately stored in 95% ethyl alcohol. 
Replicate fin clips were donated to the tissue collection at the Ohio State University 
Museum of Biological Diversity (Columbus, OH). The first author maintains a set of 
either clips or extracted genomic DNA for each specimen.  
 
Sequencing Methods 
 DNA extraction, gene amplification, amplicon clean-up, and automatic 
sequencing protocols largely follow those described in Borden and Stepien (2006). 
Additional amplification primers (Cytb-F: 5’-ATGGCAAGCCTCCGAAAAAC-3’, Ctrl-
R: 5’-CGAGGAATAATATCAAGTAATG-3’) were developed and applied successfully 
to yield an amplicon of approximate 1700 bp that was composed of the entire cytochrome 
b gene (1140 bp), the 5’ end of the control region (425 bp), and the intervening tRNA-
Thr and tRNA-Pro genes (121 bp total). Sequences were read and aligned by eye. 
Haplotype identification labels were consistent with those reported in Borden and Stepien 
(2006) and Borden (2008). Cytochrome b and control region sequences were 
concatenated during analyses since the mitochondrial genome is inherited as a single 
locus with little or no recombination in vertebrates.  
 
Table VIII. Collection site numbers correspond to those plotted on Figure IV.1. Sample size (“n”), the number of unique concatenated 
haplotypes (“nH”), and those haplotypes are listed by collection site. Haplotype (“h”) and nucleotide (“π”) diversities with standard 
deviations in parentheses are listed by basin. Nucleotide diversities and standard deviations have been multipled by 100.  
 
 
  Basin Site   Lat (°N) Long (°W) n nH Haplotype distribution h π x 100 
            
Great Lakes           
 Lake Superior        
 1  Pigeon River, MN 48° 00´ 89° 35´ 2 1 C   
 2  St. Louis Bay, MN 46° 43´ 92° 09´ 2 1 C   
 3  Spirit Lake, MN 46° 41´ 92° 12´ 14 3 A, C, J   
 4  Tahquamenon River, MI 46° 34´ 85° 02´ 3 2 C, LL   
            
 L. Superior total      21 4  0.47 (0.12) 0.25 (0.16)
            
 Lake Michigan        
 5  Milwaukee River, WI 43° 02´ 87° 56´ 12 3 C, EE, O   
 6  Port Washington Harbor, WI 43° 23´ 87° 53´ 4 1 C   
 7  Sheyboygan River, WI 43° 45´ 87° 43´ 9 2 C, F   
            
 L. Michigan total      25 4  0.63 (0.08) 0.20 (0.14)
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  Basin Site   Lat (°N) Long (°W) n nH Haplotype distribution h π x 100 
 Lake Huron        
  Georgian Bay        
 8  Blackstone Harbor, ON 45° 10´ 79° 59´ 2 1 H   
 9  Midland Bay, ON 44° 45´ 79° 53´ -- --    
 10  Moon River, ON 45° 07´ 79° 57´ 5 1 H   
 11  Severn Locks, ON 44° 48´ 79° 44´ 1 1 H   
 12  Severn Sound, ON 44° 47´ 79° 44´ 2 1 Z   
            
 13 Maitland River, ON 44° 34´ 80° 56´ -- --    
            
 14 Les Cheneaux Islands        
   Goat Island, MI 46° 00´ 84° 26´ 1 1 C   
   Haven Island, MI 46° 00´ 84° 25´ 1 1 C   
   Musky Bay East, MI 45° 58´ 84° 21´ 1 1 C   
            
 15 Potagannissing Bay        
   Black Rock Point, MI 46° 00´ 83° 52´ 1 1 F   
   Grape Island, MI 46° 02´ 83° 44´ 1 1 C   
            
  Saginaw Bay        
 16  Charity Island, MI 44° 16´ 83° 29´ 1 1 H   
 17  Oak Point North, MI 43° 59´ 83° 17´ 4 3 H, J, MM   
 18  Saginaw River, MI 43° 29´ 83° 55´ 5 4 C, H, JJ, MM   
 19  Tittabawassee River, MI 43° 41´ 84° 23´ 3 1 H   
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  Basin Site   Lat (°N) Long (°W) n nH Haplotype distribution h π x 100 
            
  Thunder Bay        
 20  Thunder Bay, MI 45° 01´ 83° 26´ 21 3 C, G, LL   
            
  L. Huron total     49 9  0.84 (0.03) 0.31 (0.19)
            
 Lake Erie         
 21  Ashtabula, OH 41° 55´ 80° 49´ 8 5 D, F, G, H, T   
 22  Bass Islands, OH 41° 41´ 82° 49´ 7 2 J, U   
 23  Conneaut, OH 41° 58´ 80° 33´ 8 5 D, F, H, I, J   
 24  Fairport Harbor, OH 41° 46´ 81° 16´ 6 4 G, H, I, J   
 25  Gem Beach, OH 41° 34´ 82° 49´ 11 4 G, H, J, R   
 26  Long Point Bay, ON 42° 38´ 80° 19´ 9 6 D, F, G, H, J, HH   
 27  Perry, OH 41° 48´ 81° 10´ 8 3 F, G, J   
 28  Port Clinton, OH 41° 31´ 82° 56´ 10 5 D, G, H, J, N   
 29  Sandusky Bay, OH 41° 30´ 82° 44´ 9 4 D, G, H, J   
 30  Van Buren Bay, NY 42° 27´ 79° 24´ 10 6 F, G, H, I, J, K   
            
  tributaries        
 31  Auglaize River, OH 40° 37´ 84° 15´ 8 4 D, G, H, FF   
 32  Blanchard River, OH 40° 46´ 83° 34´ 5 2 D, H   
 33  Black River, OH 41° 06´ 82° 06´ 5 3 C, E, H   
 34  Cattaraugus Creek, NY 42° 34´ 79° 06´ 11 7 A, B, D, G, H, I, J   
 35  Chagrin River, OH 41° 29´ 81° 23´ 19 3 C, D, H   
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  Basin Site   Lat (°N) Long (°W) n nH Haplotype distribution h π x 100 
 36  Conneaut Creek, OH 41° 54´ 80° 32´ 2 1 D   
 37  Cuyahoga River, OH 41° 08´ 81° 24´ 10 5 C, E, J, N, O   
 38  Grand River, OH 41° 44´ 81° 00´ 12 5 G, H, P, L, M   
 39  Rocky River, OH 41° 25´ 81° 53´ 3 2 D, G   
            
  L. Erie total      153 20  0.91 (0.01) 0.27 (0.17)
            
 Lake Ontario        
 40  Bay of Quinte, ON 44° 06´ 77° 11´ 11 1 H   
 41  Pultneyville, NY 43° 17´ 77° 08´ 1 1 H   
 42  Rushford Lake, NY 42° 23´ 78° 12´ 6 1 A   
            
 L. Ontario total      18 2  0.47 (0.08) 0.17 (0.12)
            
 St. Lawrence River        
 43  Cranberry Lake, NY 44° 10´ 74° 49´ 2 1 H   
 44  Lac Bernard, QC 45° 45´ 75° 58´ 1 1 H   
 45  Lac des Trente-et-un-Milles, QC 46° 10´ 75° 49´ 1 1 H   
            
  St. Lawrence River total     4 1  -- -- 
            
 Great Lakes basin total     270 26  0.96 (0.01) 0.31 (0.18)
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  Basin Site   Lat (°N) Long (°W) n nH Haplotype distribution h π x 100 
Mississippi River Basin        
 Mississippi River        
 46  Apple River, WI 45° 08´ 92° 40´ 8 1 C   
 47  Cannon River, MN 44° 31´ 92° 53´ 5 2 C, J   
 48  Mississippi River, MN 44° 39´ 92° 40´ -- --    
 49  North Fork Crow River, MN 45° 23´ 94° 47´ 1 1 EE   
 50  St. Croix River, MN 45° 13´ 92° 45´ 7 1 C   
 51  Zumbro River, MN 44° 13´ 92° 28´ 3 1 C   
            
  Mississippi River total     24 3  0.24 (0.11) 0.10 (0.08)
            
 Illinois River         
 52  Crow Creek, IL  40° 57´ 89° 19´ 9 2 C, FF   
 53  Mackinaw River, IL 40° 37´ 89° 15´ 3 1 C   
 54  Rooks Creek, IL 40° 52´ 88° 43´ 6 2 C, GG   
 55  Vermilion River, IL 41° 15´ 89° 00´ 3 1 C   
            
  Illinois River total     21 3  0.40 (0.11) 0.05 (0.05)
            
 Ohio River         
  Allegheny River         
 56  Lake Chautauqua, NY 42° 11´ 79° 26´ 11 4 D, F, J, S   
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  Basin Site   Lat (°N) Long (°W) n nH Haplotype distribution h π x 100 
  mid-Ohio River, north side        
 57  Big Darby Creek, OH 40° 11´ 83° 26´ 1 1 D   
 58  Hocking River, OH 39° 35´ 82° 29´ 5 2 D, BB   
 59  Paint Creek, OH 39° 19´ 83° 04´ 1 1 W   
 60  Paw Paw Creek, OH 39° 33´ 81° 20´ 5 3 D, G, V   
 61  Walhonding River, OH 40° 20´ 82° 00´ 8 5 A, D, H, V, W   
            
  mid-Ohio River, south side        
 62  Greenbrier River, WV 37° 44´ 80° 32´ 10 6 A, CC, D, DD, SS, V    
 63  New River, VA 36° 55´ 80° 48´ 8 3 AA, D, Y   
            
  Wabash River        
 64  Rock Creek, IN 40° 48´ 85° 21´ 13 4 A, D, G, H   
 65  Salt Fork River, IL 40° 06´ 87° 49´ 19 9 AA, C, D, G, N, Q, KK, W, X  
            
  Ohio River total     81 20  0.96 (0.07) 0.31 (0.19)
            
 Red River         
  Little River        
 66  Brushy Creek, AR 34°  24´ 94°  14´ 5 2 QQ, RR   
            
  Ouachita River        
 67  Board Camp Creek, AR 34°  32´ 94°  06´ 3 2 NN, OO   
 68  Gap Creek, AR 34°  29´ 94°  08´ 1 1 OO   
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  Basin Site   Lat (°N) Long (°W) n nH Haplotype distribution h π x 100 
            
  Red River total      9 4  0.78 (0.11) 0.42 (0.27)
            
 Arkansas River         
  Illinois River        
 69  Baron Fork Creek, OK 35°  57´ 94°  49´ 2 1 PP   
            
  Arkansas River total      2 1  -- -- 
            
 Mississippi basin total      137 28  0.95 (0.01) 0.39 (0.22)
                
Atlantic Ocean             
 James River         
 70  Cowpasture River, VA 37°  50´ 79°  44´ 3 1 D   
 71  James River, VA 37°  46´ 79°  48´ 9 2 D, SS   
            
 Atlantic basin total      12 2  0.17 (0.13) 0.14 (0.11)
            
Grand Total   427 45  0.88 (0.01) 0.35 (0.20)
 
Phylogenetic Construction of a Gene Tree 
 Partitions of the concatenated mtDNA haplotypes were analyzed with 
MrModeltest v 2.2 (Nylander 2004). The evolutionary model of best fit was determined 
using the Akaike Information Criterion (AIC). Using these molecular parameters of best 
fit, concatenated sequences were subsequently analyzed with MrBayes v 3.1.2 
(Huelsenbeck and Ronquist 2001, Ronquist and Huelsenbeck 2003). Four independent 
analyses were conducted to ensure tree convergence. Each analysis consisted of two runs 
with four Markov chains and every hundredth tree was sampled for 6.0 x 106 generations. 
The time to equilibrium of the Markov chains (i.e. “burn-in”) was determined by plotting 
the log-likelihood against generation time. Trees sampled prior to the stabilization of the 
log-likelihood were removed. The remaining trees were collapsed into a 50% majority 
rule consensus tree with posterior probabilities (i.e. percentage of sampled trees that 
recovered a given node) approximated by Markov chain Monte Carlo.  
 Northern spotted bass (M. punctulatus punctulatus) and northern smallmouth bass 
(M. dolomieu dolomieu) diverged only 1.7 million years ago (Near et al. 2005), and the 
presence of control region haplotypes shared by these two species (Coughlin et al. 2003) 
suggests that either incomplete lineage sorting or introgression may be present. For this 
reason, a second congeneric outgroup, northern largemouth bass M. salmoides salmoides, 
was used.  
 
Construction and Analysis of a Haplotype Network 
Phylogenetic analyses of intraspecific haplotypes violate assumptions of 
bifurcating lineages and the retention of ancestral haplotypes in the population (Posada 
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and Crandall 2001). Consequently, a haplotype network was constructed using the 
median-joining (Bandelt et al. 1999) and post-processing Steiner algorithms (Polzin and 
Daneschmand 2003) in Network v 4.5.0.0 (Rohl 2004, Fluxus Technology 
Ltd., www.fluxus-engineering.com, 2004). Haplotype networks allow ancestral 
haplotypes to remain in the population and interior haplotypes to give rise to multiple 
(>2) haplotypes. Internal loops and cycles within the network were resolved using the 
Bayesian gene tree and coalescence theory: interior nodes are likely to be more freq
than terminal haplotypes; haplotypes are more likely to be derived from haplotypes
same geographical locat
uent 
 in the 
ion.  
An alternative approach to reducing reticulations within the network followed the 
advice of Bandelt et al. (1999) who suggested that networks be constructed under various 
parameters such as down weighting of homoplasious sites, removal of singletons, initial 
construction using star contraction (star-like clusters are grouped into ancestral 
haplotypes), and an increase of “epsilon” (a parameter affecting the initial clustering of 
closely related haplotypes). Networks derived from this approach were also considered.   
A nested clade analysis (NCA) was executed to identify both historical and 
contemporary processes affecting the distributional pattern of genetic variation 
(Templeton et al. 1995). This analysis was performed using ANeCA, Automated Nested 
Clade Analysis, (Panchal 2006, Panchal and Beaumont 2007) that follows the analytical 
procedures outlined by Templeton et al. (1987), Templeton and Sing (1993), Crandall 
(1996), and Templeton (2002). The analysis has several sequential steps. Firstly, a 
median-joining haplotype network was constructed as described above and imported into 
ANeCA. A median-joining network (Bandelt et al. 1999) was preferred to statistical 
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parsimony (TCS, Clement et al. 2000) based on Cassens et al.’s (2005) comparison of 
network building algorithms. Secondly, haplotypes were nested into progressively more 
inclusive clades beginning with tip haplotypes (one mutational connection) and 
proceeding toward internal haplotypes (two or more mutational connections) until the 
entire network comprised one clade. Thirdly, geographical distributions of haplotypes 
were related to their nesting structure using two summary statistics (GeoDis v 2.2, Posada 
et al. 2000) that describe the geographical spread of haplotypes in a clade (Dc, clade 
distance) and the mean distance of a haplotype from the center of its distribution within 
the nested clade (Dn, nested clade distance). Tip clades were then compared to interior 
clades (I – T) and assumed to be younger than internal clades (Castelloe and Templeton 
1994). Clades were then randomly permutated (n=10,000) across sampling sites to create 
p-values (GeoDis). 
Finally, an automated inference key (14 July 2004) was used to interpret the 
statistics. When the null hypothesis of panmixia (no association between haplotype clades 
and their geographical distributions) was rejected, the key identified mechanisms 
consistent with observed patterns of nested haplotypes (Templeton 2004).  
 
Assessment of Population Diversity, Demographic History, and Structure 
 Diversity indices (n = number of specimens sequenced, nH = number of unique 
haplotypes, h = haplotype diversity, π = nucleotide diversity) were calculated for 
sampling site, drainage, and watershed using Arlequin v 3.1 (Excoffier et al. 2006). The 
relationship between h and π was used to infer demographic histories of sampling sites 
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and phylogenetic lineages (Grant and Bowen 1998). Uncorrected haplotype distances 
were calculated using PAUP v 4 beta10 (Swofford 1998). 
 Populations that have expanded or contracted rapidly, either demographically or 
geographically, often leave genetic signals. Thus, phylogroups identified in Bayesian 
analyses were evaluated for changes in population demographics using Fu’s test of 
selective neutrality (1997). A large, negative test statistic, FS, indicates population 
expansion. A complementary approach is a mismatch distribution analysis (Rogers and 
Harpending 1992) based on the frequency distribution of pairwise differences between 
haplotypes. A unimodal distribution of pairwise differences suggests a sudden population 
expansion whereas a ragged, multimodal distribution suggests a stable population 
(Schneider and Excoffier 1999). Parameters of a sudden expansion model include tau (τ, 
the time to expansion) whereby a larger τ indicates a longer time since population 
expansion (Rogers and Harpending 1992). Both demographic analyses were performed 
with Arlequin.   
Hierarchical genetic structure was evaluated using analyses of molecular variance 
(AMOVA, Excoffier et al. 1992), which were based on haplotype frequencies in 
Arlequin. Several nesting arrangements of sampling sites were evaluated including 
current drainage patterns (Great Lakes, Mississippi River, Interior Highlands, Wabash 
River, Ohio River, Eastern Highlands, and Atlantic Ocean), phylogroups identified in 
Bayesian analyses, and paleodrainages reconstructed from pre-Pleistocene histories (Old 
Mississippi, “Interior Highlands”, Teays-Mahomet River system, and ancestral Great 
Lakes). In the latter partition, the Old Mississippi was comprised of upper Mississippi 
locations (MN and WI). The Teays-Mahomet system included the current rivers of the 
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Eastern Highlands and the Ohio, Illinois, and Wabash Rivers. The Allegheny River and 
its tributaries flowed north into what would become the Great Lakes basin (Hocutt et al. 
1986); consequently, they were included with the Great Lakes basin bass. Populations in 
the headwaters of the Atlantic basin (Cowpasture and James Rivers) were derived from 
populations in the Eastern Highlands (New and Greenbrier Rivers) (Hocutt et al. 1986) 
and thus were included in the Teays-Mahomet River system. 
 
RESULTS 
 
Sample Sequencing 
 For smallmouth bass collected from across its range, 475 were sequenced for 
cytochrome b (Appendix C) and 511 were sequenced for the control region (Appendix D) 
yielding 22 and 21 haplotypes respectively. Among these, 427 bass were successfully 
sequenced for both mtDNA regions yielding 45 concatenated haplotypes (Appendix E) 
derived from 36 polymorphic sites (24 sites in cytochome b, 12 sites in the control 
region) displaying 39 substitutions (27 transitions, 12 transversions). Haplotype 
designations were listed for each specimen sequenced for any of mtDNA regions 
(Appendix F). Sequences were submitted to GenBank (Appendix G). Four polymorphic 
sites, three of which occurred in the control region, displayed both transitions and 
transversions. Within the cytochrome b gene, polymorphic loci occurred in either the first 
(2 of 24 substitutions) or third (22 of 24) codon positions. Only one non-synonymous 
substitution was identified (transversion at bp 982, Leu-Val). 
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 As was expected for intraspecific studies, the pattern of sequence diversity for 
each gene was that of a few high-frequency haplotypes with numerous closely related but 
much rarer sequences. The three most frequent haplotypes accounted for 89% of 
cytochrome b sequences (53%, 23%, 13%), 79% of control region sequences (36%, 35%, 
8%), but only 52% of concatenated sequences (24%, 15%, 13%). This trend was due in 
part to 38 of 45 concatenated haplotypes with a frequency less than 2% and a fair number 
of singletons (8 - cytochrome b, 3 - control region, 15 - concatenated sequences). 
Concatenated haplotype divergences ranged from 0.1 to 1.3% (median = 0.5%) with a 
mean pairwise difference of 2.9 ± 1.5 nucleotides. Smallmouth bass sequences shared a 
maternal ancestor at least 80,000 years ago and no more than 1,000,000 years ago (1.2% 
mitochondrial sequence divergence per million years, Near et al. 2005). Divergence 
estimates fell within the Pleistocene but after the divergence of the smallmouth bass from 
its sister species, the spotted bass (1.7 MYA, Near et al. 2005).  
 
Phylogenetic Relationships of mtDNA Haplotypes 
 Sequence evolution in the smallmouth bass cytochrome b gene was best 
described by unequal base frequencies and different rates of transitions and transversions 
(TS/TV = 1.94) with a proportion of invariable sites (HKY + I and “nst = 2”, Hasegawa 
et al. 1985). Control region sequences best fit a general time reversible model of variable 
base frequencies, unique rates of each of the six base substitutions, and a proportion of 
invariable sites (GTR + I, “nst = 6”). The among-site rate variation in both partitions 
allowed for a proportion of invariable sites with equal rates at variable sites 
(“rates=propinv”).  
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 Mixed Bayesian analyses using the spotted bass and the largemouth bass as 
outgroups, converged on similar, but not identical, topologies (Fig. IV.3). Three clades 
(marked with a “*”) were not recovered in at least one of the four analyses and resulted in 
mean posterior probabilities of 50% or less. The consensus tree revealed a non-
monophyletic status of smallmouth bass haplotypes and little resolution among them. The 
sole spotted bass sequence was recovered within a clade of haplotypes found in the Little 
River basin (AR), the Greenbrier River (WV), and the James River (VA). 
 The mitochondrial gene tree was poorly resolved. Tree structure reflected few 
major dichotomies among haplotype lineages; instead, a pectinate structure reflected 
sequential origins of haplotype lineages (Fig. IV.3). Smallmouth bass from the Interior 
Highlands (haplotypes NN, OO, PP, QQ, RR), and one haplotype from the Eastern 
Highlands (haplotype SS) were located at the base of the tree and hereafter referred to as 
the “highlands” group out of convenience and not an as indication of monophyly. Some 
structure among watersheds within the Interior Highlands was recovered. For example, 
haplotypes from smallmouth bass in the Ouachita River basin (haplotypes NN and OO), 
the Arkansas River basin (haplotype PP), and the Little River basin (haplotypes QQ and 
RR) formed 3 separate lineages within the basal polytomy (Fig. IV.3). The Little and 
Ouachita Rivers are tributaries of the Red River; the Arkansas River is a tributary of the 
Mississippi River.  
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Figure IV.3. A 50% majority gene tree derived from four Bayesian analyses of 45 smallmouth bass haplotypes derived from 
concatenated sequences of cytochrome b and the control region. Largemouth bass (M. salmoides) rooted the tree. Numbers in 
circles are the mean posterior probabilities of four independent analyses. Starred (*) lineages indicate at least one posterior 
probability less than 50%. Italicized labels circumscribe haplotype groups discussed in the text.   
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Figure IV.4. Nesting structure of 45 recovered haplotypes from 427 smallmouth bass recovered from an automated NCA 
(ANeCA). The network was derived from median-joining and Steiner algorithms (Network, Rohl 2004). Internal loops and 
cycles within the network were resolved using coalescence theory (interior nodes are likely to be more frequent than terminal 
haplotypes; haplotypes are more likely to be derived from haplotypes in the same geographical location) and Bayesian results 
(Fig. IV.2). The entire network comprised a 4-step clade. Solid lines circumscribed 3-step clades; thick dashed lines 
circumscribed 2-step clades; thin dashed lines circumscribed 1-step clades. Only those clades referred to in text are labeled. 
The haplotype in the star, C, had the highest frequency (n=103). The haplotype in the box, H, had the largest root probability 
(Castelloe and Templeton 1994) in TCS v 1.18 (Clement et al. 2000). 
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 Haplotypes in lineage 1 were found across the smallmouth bass’ native 
distribution excluding the Interior Highlands. Lineage 1 was comprised of three clades 
plus five haplotypes (BB, CC, D, DD, and E) each contributing to a large basal polytomy. 
This non-monophyletic assemblage of the five latter haplotypes was found in waters 
lying between the Wabash River (sites 64 and 65) and western NY (site 56) extending 
south to the Eastern Highlands and adjacent sites in the Atlantic basin (sites 70 and 71). 
Hereafter this collection of haplotypes is referred to as the “central-1” group out of 
convenience (Fig. IV.3). The “central-2” lineage was restricted to one tributary of the 
Ohio River (central OH, site 61), New River (sites 62 and 63), Wabash River, and also 
two sites in western NY (sites 34 and 42, Fig. IV.1). The “western” lineage was found 
predominantly in tributaries of the upper Mississippi River (MN and WI) and Illinois 
River (IL), Lakes Superior, Michigan, and Huron (except Georgian Bay), tributaries of 
Lake Erie, and the lower Wabash River (IL, site 65). 
 The largest and least resolved clade (“eastern” lineage) arose within lineage 1. 
Haplotypes of the eastern lineage were found in Lakes Huron (including Georgian Bay), 
Erie (plus its tributaries), Ontario and tributaries of the St. Lawrence River; tributaries of 
the Ohio River (NY and OH) including the Wabash River (IN and IL); the Eastern 
Highlands (Greenbrier River, WV); and an eclectic assortment of bass (16 of 215 total 
bass in clade D) derived from the Mississippi River (n = 2), Lake Superior (n = 6), Lake 
Michigan (n = 7) and northernmost Lake Huron (n = 1, site 15). Water bodies located 
geographically between these sites and the remaining populations of eastern lineage 
lacked these five haplotypes (A, F, J, LL, and O) creating a disjunct distribution that may 
have resulted from recent translocations. 
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 When these 16 individuals were removed from the eastern lineage, several of the 
smaller internal clades acquired geographical significance. Most notably, clades were 
restricted to Lake Huron (huron lineage, haplotypes LL and MM), to the lower Wabash 
River and tributaries of Lake Erie with one fish from western Lake Erie (tributary 
lineage, haplotypes N, O, P, and Q), and to Lake Erie, its tributaries, the geographically 
proximate Lake Chautauqua (site 56), and Saginaw Bay (Lake Huron) (erie lineage, 
haplotypes B, J, R, S, T, and U). A small clade (erie-s, haplotypes G, X, and Y) extended 
from the Lake Erie watershed southwest to the Wabash River and southeast to tributaries 
of the Ohio River including the New River.   
 
Nested Clade Analysis 
 
 The nested network (Fig. IV.4) was circumscribed in a single 4-step clade. This 4-
step clade was itself comprised of two 3-step clades each of which contained four 2-step 
clades and numerous 1-step clades. Clade III-1 was comprised of the highlands, western, 
central-1, and central-2 haplotype groups. Conversely, clade III-2 was comprised of 
haplotypes found only within the eastern lineage D (Fig. IV.3). Restricted gene flow 
followed by isolation by distance was identified as the most probable events to produce 
the haplotype distribution of both clades III-1 and III-2 (Table IX).   
 Within clade III-1, the highlands haplotypes comprised several 2-step clades each 
containing numerous median vectors. Western, central-1, and central-2 haplotype groups 
were all circumscribed within clade II-1 and were most likely distributed due to 
contiguous range expansion across the western Great Lakes (Lakes Superior and 
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Michigan), western rivers (Mississippi and Illinois), and centrally located rivers (Wabash, 
Ohio, and tributaries of Lake Erie).  
 The distribution of haplotypes in the central-2 phylogroup (Eastern Highlands, 
Ohio River tributaries, and western NY) was best explained by contiguous range 
expansion (Table IX), whereas the distributions of both the central-1 and western groups 
were due to isolation by distance.  
 Distributions of nested clades within the eastern phylogroup were frequently due 
to isolation by distance (I-6 and II-3), contiguous range expansion (II-2), or both (I-4). 
The lack of resolution in two clades (I-5 and I-7) was most likely due to unsampled 
populations in the Kentucky, Tennessee, Cumberland, White, and reaches of the middle 
Mississippi Rivers. In summary, the mechanisms identified by NCA were consistent with 
a priori hypotheses of the northward migration of smallmouth bass into once glaciated 
habitats.  
 The network presented in Figure IV.4 was derived from equal weighting of sites, 
an epsilon of 110, and the inclusion of all haplotypes. Internal loops within this network 
were resolved using the Bayesian gene tree and coalescent theory. The high degree of 
network reticulation was caused by the hypervariable control region, in particular sites 
153 and 170, which displayed the most mutations, eight and seven respectively, whereas 
the remaining polymorphic sites had four or fewer substitutions. In comparison, the 
cytochrome b yielded a single network that lacked internal loops (data not shown). 
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Table IX. Mechanisms responsible for the nonrandom distribution of haplotype clades 
among smallmouth bass populations. Sixteen smallmouth bass with distributions 
putatively determined due to human translocations were removed from analysis. IBD = 
isolation by distance.  
 
Clade  Chain of Inference    Mechanism 
 
I-1  1-19-20-2-11-12 NO       Contiguous range expansion. 
 
I-2  1-2-3-4 NO    Restricted gene flow, IBD   
 
I-3  1-2-3-4 NO    Restricted gene flow, IBD   
 
I-4  1-2-11-12-13 YES  Long-distance colonization possibly coupled 
      with subsequent fragmentation or past  
      fragmentation followed by range expansion 
 
I-5  1-2-3-5-6*-7-8 YES  Restricted gene flow-dispersal but with  
      some long-distance dispersal over   
      intermediate areas not occupied by the  
      species; or past gene flow followed by  
      extinction of intermediate populations.  
       
I-6  1-2-3-4 NO    Restricted gene flow, IBD   
 
I-7  1-2-11-12-13 YES  Long-distance colonization possibly coupled 
      with subsequent fragmentation or past  
      fragmentation followed by range expansion 
 
II-1  1-2-11-12 NO    Contiguous range expansion. 
 
II-2  1-19-20-2-11-12 NO   Contiguous range expansion. 
 
II-3  1-2-3-4 NO    Restricted gene flow, IBD 
 
III-1  1-2-3-5-6-7-8 YES  Restricted gene flow-dispersal but with  
      some long-distance dispersal over   
      intermediate areas not occupied by the  
      species; or past gene flow followed by  
      extinction of intermediate populations.  
       
III-2  1-2-3-4 NO    Restricted gene flow, IBD   
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Hierarchical Population Structure 
 Structure existed at small geographical scales as sampling sites were frequently 
characterized by endemic haplotypes either to a particular site, river, or drainage (Table 
VIII). Some sampling sites were monomorphic but this may not be indicative of their true 
heterozygosity since some of such sites were characterized by small sample sizes.  
 Hierarchical partitions based on Bayesian lineages, contemporary, and pre-
Pleistocene drainage patterns allowed testing of alternative hypotheses of genetic 
structure (Table X). Of these, three haplotype groups (highlands, western/central-
1/central-2, eastern) explained more variation (24.9%) than either current or pre-
Pleistocene drainage patterns indicating that proximate drainages were occupied by 
closely related mitochondrial genomes. Current drainage patterns and glacial outlets 
formed by meltwater best characterized colonization routes used by smallmouth bass as 
opposed to pre-Pleistocene drainage patterns (Teays-Mahomet River system, ancestral 
Great Lakes, Interior Highlands, Old Mississippi River). However, statistically 
significant partitions of all three hierarchies suggested that phylogenetic and geographical 
history in addition to population-level processes occurring across current basins (isolation 
by distance) have contributed to shaping the current distribution of genetic variation 
among smallmouth bass populations.  
 Sequential founding events of northern water bodies have also impacted 
population diversity and structure. Mismatch distribution tests and Fu’s test of selective 
neutrality supported hypotheses of population expansion in most haplotype lineages 
(Table XI). The most evolutionary stable group was also the oldest, namely the  
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Table X. AMOVA results from three haplotype partitions: Bayesian lineages, current and 
pre-Pleistocene drainage patterns. Three Bayesian lineages: (i) highlands group, (ii) 
western/central-1/central-2, and (iii) eastern lineage. Current drainages: (i) Great Lakes, 
(ii) Eastern Highlands, (iii) Interior Highlands, (iv) Mississippi River, (v) Wabash River, 
(vi) Ohio River, (vii) Atlantic. Pre-Pleistocene drainages: (i) ancestral Great Lakes, (ii) 
Teays-Mahomet River system, (iii) Interior Highlands, (iv) Old Mississippi River. 
   variance % of    
 source of variation df component   variation  p-value 
       
Bayesian results       
 among 3 “phylogroups” 3 0.12 24.9  < 0.001 
       
 within “phylogroups” 424 0.38 75.1   
       
Current basin       
 among 7 basins 6 0.09 19.2  < 0.001 
       
 within basins 430 0.39 80.8   
       
pre-Pleistocene basins       
 among 4 basins 3 0.05 10.6  < 0.001 
       
 
 within basins 422 0.42 89.4   
 
haplotypes comprising the highlands grade. The co-occurrence of a high haplotype (h > 
0.5) and nucleotide diversity (π > 0.5%) in the highlands group additionally supported the 
interpretation of a large, stable population with a long evolutionary history (Grant and 
Bowen 1998). This haplotype grade was found at the base of the gene tree (Fig. IV.3). 
The demographic changes in the majority of both phylogroups, as defined by the gene 
tree and sampling sites, were histories of population bottlenecks followed by rapid 
population growth and the accumulation of mutations (h > 0.5 but π < 0.5%). Several 
populations 
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(Lakes Superior and Ontario, Illinois and Mississippi Rivers, Georgian Bay) had 
demographic histories of either recent bottlenecks or founder events by a single or few 
mtDNA lineages. Progressively smaller tau’s were consistent with sequentially nested 
 
 
Table XI. Results of neutrality and mismatch tests. Haplotype groups are based on the 
Bayesian gene tree (Fig. IV.2). Groups “central-1” and “central-2” have been 
abbreviated to “c1” and “c2” respectively. Large negative values of FuS test indicate 
recent population expansion. The “graph p-value” tests the fit of the frequency 
distribution of pairwise haplotype differences to a sudden expansion model. 
Harpending’s raggedness index, and p-value, is a second statistical test of the frequency 
distribution. In both, unimodal distributions (p > 0.05) indicate recent demographic or 
spatial expansion of populations. Expansion parameters τ, θ0, and θ1 were estimated 
where τ is a measure of time, in generations, since expansion such that smaller values 
indicate more recent population expansion. θ0 and θ1 = 2Neμ before and after expansion 
respectively. “HRI” is Harpending’s Raggedness Index.  
 
    graph      
haplotype group FuS p-value p-value HRI p-value τ θ0 θ1 
          
all haplotypes -25.7 < 0.01 0.44 0.02 0.59 3.5 0.02 12.3 
highlands group 1.4 0.77 0.09 0.15 0.06 6.9 0.0 16.7 
lineage 1  -21.6 < 0.01 0.31 0.02 0.54 3.3 0.0 12.5 
western + c1 + c2 -2.2 0.22 0.21 0.12 0.28 2.5 < 0.01 2.6 
western lineage -2.9 0.02 0.37 0.47 0.66 3.0 0.0 0.2 
105 eastern lineage -20.6 < 0.01 0.03 0.55 0.12 1.8 0.0 
 
 
lineages within the gene tree (Fig. IV.3). In all, these inferred demographic histories 
(dispersal and rapid population expansion) were consistent with a priori predictions of 
populations subjected to episodic climatic changes such as glacial periods.  
 This colonization pattern of sequential founding events and recent history was 
reflected in decreased nucleotide and haplotype diversities at sampling sites from higher 
latitudes (Fig. IV.5). A linear relationship with longitude was not obvious; instead, 
nucleotide diversity peaked near 80° - 82° W (New River, WV, to central OH) potentially 
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indicating a broad zone of secondary contact between expanding haplotype lineages. This 
proposition was supported by drainages with the highest haplotype and nucleotide 
diversities distributed in either unglaciated areas (Interior and Eastern Highlands), areas 
between dispersing lineages (Lakes Erie and Huron including Georgian Bay, Lake Erie 
tributaries, and lower Wabash River – site 65), or areas that have experienced both 
phenomena (Ohio River tributaries). 
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Figure IV.5. Haplotype (filled circles, solid line) and nucleotide (open circles, dashed 
line) diversities for smallmouth bass plotted versus latitude of seventeen sites pooled by 
water body. Sixteen smallmouth bass with distributions consistent with human 
translocations were removed for analysis. Haplotype regression line: y = -0.07x + 3.57, r2 
= 0.56; nucleotide regression line: y = -0.03x + 1.54, r2 = 0.62. 
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DISCUSSION 
 
Mechanisms Leading to Population Divergence 
 Contiguous range expansion and isolation by distance were the most commonly 
identified mechanisms leading to divergence among smallmouth bass populations across 
the Great Lakes and adjacent river systems. Dispersal was consistent with a priori 
predictions of spatial expansion by populations following the removal of geographical 
constraints such as glacial fronts. Sequential founding events were consistent with 
reduced diversities in northern populations, shallow divergences within the gene tree, and 
star-like groups of haplotypes within the network (Avise 2000). As colonizing 
populations become increasingly geographically separated from each other, divergence is 
anticipated (Rousset 1997).  
 Previous studies recovered weakly divergence among smallmouth bass 
populations within a single, once glaciated large lake (e.g. Lake Erie, Borden and Stepien 
2006, Stepien et al. 2007) and between riverine and lacustrine populations of smallmouth 
bass (Stepien et al. 2007, Borden 2008) and spotted bass (Coughlin et al. 2003). At a 
broader geographical scale, smallmouth bass populations from Lake Superior and the 
Mississippi River were identified as divergent from other Great Lakes’ populations as 
were populations in the western and eastern Lake Huron (Saginaw Bay versus Georgian 
Bay, Stepien et al. 2007).  
 Missing was a broader scale analysis assessing the relationships among all 
populations in the Great Lakes and between these populations with those in more 
southerly refugia. Because gene sequencing provides both ancestral and derived markers, 
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we applied mitochondrial genes to reconstruct dispersal patterns in lieu of microsatellite 
markers that appeared too polymorphic to give clear directionality (e.g. Stepien et al. 
2007).  
 
Dispersal Corridors into the Great Lakes 
 A test of which populations likely contributed to smallmouth bass in the Great 
Lakes is discussed below and based on their geological history, which is derived largely 
from Bailey and Smith (1981), Burr and Page (1986), Hocutt et al. (1986), Underhill 
(1986), Mandrak and Crossman (1992), and Teller (2004), but not intended to be a 
comprehensive review.  
 
Warren, Brule-Portage, and Chicago outlets 
 Smallmouth bass populations across the Mississippi watershed and western Great 
Lakes (Superior, Michigan, Huron excluding Georgian Bay) belonged to a single 
phylogroup (western). These bass accessed Lake Duluth (i.e. ancestral Lake Superior) 
through the Brule-Portage outlet and Lake Chicago (i.e. ancestral Lake Michigan) 
through the Chicago Outlet, which corresponded to the Mississippi-St. Croix and Illinois-
Fox river systems respectively. The Chicago event may be as old as 14,000 years BP and 
lasting until 6,000 years BP (Bailey and Smith 1981, Mandrak and Crossman 1992) 
allowing smallmouth bass considerable time to access Lake Michigan.  
 Smallmouth bass populations in northern Michigan and Lake Huron were likely 
established from populations in Minnesota and Wisconsin explaining why bass in 
northern Lake Huron were genetically more similar to the western phylogroup than to 
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bass from the rest of Lake Huron (Saginaw and Georgian Bays). To reach northern Lake 
Huron, bass likely dispersed either across the upper peninsula of Michigan or along the 
shoreline of ancestral Lake Superior. Garter snakes (Thamnophis sirtalis) in Minnesota 
and Wisconsin also used a route across the upper peninsula to reach northern Michigan 
(Placyk, Jr., et al. 2006).  
 The role of the Warren outlet, which allowed access to northwestern Ontario via 
glacial Lake Agassiz (Mandrak and Crossman 1992), cannot be assessed with the current 
distribution of sampling sites. 
 
Fort Wayne outlet and the lower peninsula of Michigan 
 The Fort Wayne outlet was one of the first outlets to form (14,100 14C years BP) 
and connected glacial Lake Maumee (i.e. western Lake Erie) to the Wabash and Ohio 
Rivers (Teller 2004). With continued ice melt, Lake Maumee and glacial Lake Saginaw 
(i.e. southern Lake Huron) eventually formed a continuous water body, Lake Arkona, 
about 13,400 14C years BP (Teller 2004). Lake Arkona opened a new outlet that coursed 
along the southern edge of the ice front across the lower peninsula of Michigan (Grand 
River Valley) until it reached Lake Chicago (Graf 2002, Teller 2004). Moreover, this 
periglacial connectivity between Wabash-Lake Maumee-Lake Saginaw created a long 
and continuous shoreline suitable for the dispersal of smallmouth bass and other 
nearshore fishes (e.g. Rubec 1975 and the confluence of glacial lakes Frontenac, Iroquois, 
and Vermont). 
 Genetic similarity of bass populations in the upper Wabash River and Lake Erie 
support the dispersal of bass through the Fort Wayne outlet. Furthermore, shared lineages 
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between these populations and those in Saginaw Bay are consistent with a continuous 
shoreline habitat formed by Lake Arkona. Additional support for the role of the Fort 
Wayne outlet is found in similar freshwater mussel faunas of the Wabash River and the 
Lake Erie basin (Unionidae, Graf 2002) and populations of the rainbow darter 
(Etheostoma caeruleum) that revealed a Wabash River – Saginaw Bay connection (Ray et 
al. 2006). Terrestrial vertebrates such as the garter snake also accessed southern Michigan 
from Indiana and Ohio (Placyk, Jr., et al. 2006), 
 Thus the central Great Lakes, Erie and Huron, were colonized by multiple routes 
and hence by numerous mitochondrial lineages. Of equal interest, genetic variation was 
distributed differently within each lake. Lake Erie had little internal structure (Borden 
and Stepien 2006, Stepien et al 2007) while Lake Huron revealed a partition between 
northern populations founded by individuals of the western phylogroup and southerly 
populations founded by non-western individuals. Western populations within Saginaw 
Bay were also divergent from eastern populations in Georgian Bay (Stepien et al. 2007, 
and see “Kirkfield outlet” below). 
 Finally, southwestern Ontario, which lies between Lakes Erie and Huron, has 
been identified as a hot spot of diversity (i.e. a cluster of hybrid, phylogeographic, and 
contact zones) apparently created by secondary contact of dispering populations 
(Swenson and Howard 2005). For terrestrial organisms, this spit of land is a geographical 
bottleneck where expanding populations were predicted to meet (Hewitt 1996), for 
example as in the spring peeper (Austin et al. 2002). For aquatic organisms, populations 
isolated by falling water levels of Lake Arkona would have colonized this region 
(Mandrak and Crossman 1992) as the Erie and Huron basins separated. Thus, the fact that 
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admixed populations of smallmouth bass occupy the central Great Lakes is not surprising 
given the zoogeographic pattern for many North American species in southwestern 
Ontario. 
 
Kirkfield outlet 
 Populations in Georgian Bay, Lake Ontario, and the St. Lawrence basin are 
dominated by a single haplotype (H). This haplotype is in a derived lineage (A), gives 
rise to many other haplotypes and phylogroups, and is the most probable ancestral 
haplotype despite being the second most frequent haplotype (Appendix E). 
Geographically it is distributed amongst only once-glaciated rivers and lakes giving it an 
unusual suite of traits. It relative recent appearance within the smallmouth bass 
mitochondrial gene tree and expansive eastern distribution suggests that is dispersed 
rapidly across the eastern Great Lakes.  
The near monomorphism of populations in Georgian Bay, Lake Ontario, and the 
St. Lawrence River is consistent with a single migratory event through the Kirkfield 
outlet that connected glacial Lake Iroquis (Lake Ontario basin) to glacial Lake Algonquin 
(Georgian Bay basin). Bass with haplotype H did not access Georgian Bay through Lake 
Arkona, which did not extend northward to Georgian Bay (Bailey and Smith 1981). Thus 
bass entering Georgian Bay from central Ontario must have done so prior to 11,800 years 
BP when the Kirkfield outlet disappeared (Eschman and Karrow 1985). But, populations 
downstream in the St. Lawrence basin retained a longer connection with populations in 
Lake Algonquin through Lake Nipissing and the Ottawa River basins (Bailey and Smith 
1982). Today the remants of the Kirkfield outlet are represented by a string of rivers and 
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lakes across central Ontario forming the Kawartha Lakes region. A series of rivers and 
canals, Trent Severn Waterway, currently connects the Bay of Quinte (Lake Ontario) and 
Port Severn (Georgian Bay).   
 While this haplotype is present in the Lake Erie basin (the second most frequent 
haplotype) and only as far west as Saginaw Bay, it is unprobable that smallmouth bass 
accessed Saginaw Bay and Georgian Bay from Lake Erie after dispersing through the 
Detroit River basin. Equally unprobable is the origin of this haplotype in the Wabash 
River and dispersal through the Fort Wayne outlet as only one bass in the upper Wabash 
River contained this haplotype. More likely, bass dispersed northwestward into Georgian 
Bay from glacial Lake Iroquois via the Kirkfield outlet and westward into Saginaw Bay 
facilitated by glacial Lake Arkona. But where this haplotype accessed either the Erie 
and/or Ontario basins is unresolved.  
 
A possible outlet into the Erie and Ontario basins 
Haplotype H and its descendants did not disperse into the Erie and Ontario basins 
through either the upper Great Lakes or the Fort Wayne outlet. Access into the Erie basin 
by crossing the low summit between the Great Lakes-Ohio River watersheds is also 
unlikely given that only one bass with haplotype H was found in Ohio River tributaries. 
Thus, the most likely access points were either the Ontario basin or eastern Erie basin. 
Access into the Ontario basin may have occurred through glacial Lake Newbury and the 
Susquehanna River or glacial Lake Albany and the Hudson River (Bailey and Smith 
1981), although Schmidt (1986) notes that smallmouth bass are not native to the Hudson 
drainage but are native to the Champlain basin. If bass had colonized the Ontario basin 
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first, access to Lake Erie via the Niagara River would have disappeared 12,500 year BP 
with the appearance of Niagara Falls (Mandrak and Crossman 1992).  
Access to Lake Erie may have occurred by jumping headwater drainages from 
Greenbrier into the Shenandoah and the Potomac basins in the Appalachians (Hocutt et 
al. 1986) or into the Susquehanna basin lying east of the Appalachians (Underhill 1986). 
This scenario is conjectural given the absence of sampling sites in the upper 
Appalachians (Potomac and Shenandoah Rivers), Pennsylvania (Susquehanna River), and 
eastern New York (Hudson River and Lake Champlain). It is possible, but highly 
unlikely that haplotype H and its closely related derivatives diverged in the 14,000 years 
BP since the retreat of the last ice sheet. Regardless of its particular access point into the 
Great Lakes, this lineage almost certainly did not originate within the Mississippian 
refugium and therefore provides evidence for a second, unidentified refugium of 
smallmouth bass. Such a conclusion is consistent with a general tenet of Great Lakes’ 
fishes: gene pools are derived from multiple glacial refugia (Bernatchez and Wilson 
1998). 
 
Reconstruction of Paleodrainages 
Wabash River and Teays-Mahomet system 
 The upper Wabash River was once a part of the Fort Wayne outlet and as such 
populations have a genetic affinity with those from the Lake Erie basin. In contrast, lower 
Wabash River populations are very diverse (9 haplotypes in 19 bass) and contain several 
endemic haplotypes. Only two haplotypes are shared between upper and lower 
populations and even these have different phylogenetic histories despite sharing 
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geography (nested clade I-3 in III-1 versus I-7 in III-2) suggesting that the two 
populations have limited gene flow between them.   
 Several reconstructions of the ancestral Wabash River place it as the western 
extension of the Teays River thus implying separate Teays and Mahomet systems (Fidlar 
1948). A second hypothesis is an ancestral Wabash River that flowed into the Old Ohio 
River and was not connected to the Teays-Mahomet system (Burr and Page 1986 and 
references therein). Finally, Wayne (1952) proposed that the Wabash was originally 
autonomous until an advancing ice front diverted the western Teays reaches into the 
Wabash basin. Under the first scenario, bass in the Wabash and former Teays Rivers 
should be more genetically similar to each other than either is to the bass in the former 
Mahomet system (Illinois River).  
 Populations from the Illinois River and those from both the upper and lower 
Wabash Rivers are characterized by different and largely non-overlapping lineages 
thereby supporting the Teays-Wabash hypothesis. The Illinois River populations 
contained only three haplotypes, all within the western phylogroup. Only one of 32 bass 
sampled in the Wabash River had a western haplotype suggesting that these two groups 
have been laregely separated prior to, and after, Pleistocene drainage rearrangements. 
 
middle and upper Ohio River 
 Before being diverted south into its current course by advancing ice sheets, the 
upper reaches of the Ohio River (i.e. Allegheny river) flowed north and emptied into the 
eastern end of the Lake Erie basin (Hocutt et al. 1978). Smallmouth bass from Lake 
Chautauqua (site 56) in the Allegheny basin contain mitochondrial haplotypes from 
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multiple lineages. As predicted from geological history, they share haplotypes with bass 
from Lake Erie and the eastern lineage. But they also contain a widely dispersed 
haplotype from the central-1 lineage consistent with the upstream dispersal of bass from 
within the Teays River system and/or the Eastern Highlands. They do not however share 
genetic affinities with populations from the upper Mississippi River as predicted by the 
pre-Pleistocene vicariance hypothesis (Mayden 1985, 1988).  
 Similarly, smallmouth bass populations that occupy northern tributaries of the 
middle reaches of the Ohio River (Pittsburgh, PA, to Wabash River) comprise a 
genetically diverse group indicative of multiple origins. The streams that were sampled 
include three unglaciated sites (sites 58, 60, and 61) and two once-glaciated sites (57 and 
59). Consequently both endemic and shared haplotypes with populations in the Lake Erie 
basin, and the Eastern and Interior Highlands were found. Because glaciers extirpated 
populations in the former Teays system, populations now occupying these once vacant 
habitats are more likely to display the signature of secondary contact among expanding 
lineages as opposed to evolutionary stable populations that often exclude secondary 
dispersers (Cox and Hebert 2001). This appears to be the pattern observed in stream 
populations of central Ohio.  
 
Eastern Highlands 
 The New and Greenbrier Rivers (VA, WV) are headwater remnants of the Teays 
River (Hocutt et al. 1978) lying on the western slopes of the eastern divide in the 
Appalachian Mountains. On the eastern slopes lie headwaters of the James and Roanoke 
Rivers, which flow to the Atlantic Ocean. The New River flows north into the Kanawha 
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River through the eastern divide and eventually into the Ohio River near Point Pleasant, 
West Virginia. New River bass are characterized by endemic and shared haplotypes with 
populations occupying sites within the former Teays system including the Wabash River 
and streams in central Ohio. Dispersal along the former Teays system is supported by 
population genetic analyses of the rosyface shiner (Notropis rubellus complex, 
Berendzen et al. 2008) and the rainbow darter (Ray et al. 2006).  
 The James River mitochondrial gene pool is a depauperate subset of haplotypes 
derived from the New River gene pool indicating recent gene flow across the eastern 
divide. Migrants were likely captured by stream piracy as the James River undercut 
headwaters of the New River and diverted them eastward (Hocutt et al. 1978). This 
pattern is shared with other highland fishes such as the northern hogsucker (Hypentelium 
nigricans, Berendzen et al. 2003) and other vertebrates such as the two-lined salamander 
(Eurycea bislineata complex, Kozak et al. 2006). The high degree of endemism and 
shared history with former Teays River populations support the Eastern Highlands as a 
glacial refugium.  
 
Interior Highlands 
 Similar to the Eastern Highlands, the Central Highlands contains many endemic 
species and clades from diverse taxonomic groups including fish (Hardy et al. 2002, 
salamanders (Routman et al. 1994), freshwater mussels (Turner et al. 2000), and 
invertebrates (Crandall and Templeton 1999). The Ouachita and Ozark Mountains 
contain multiple and discrete smallmouth bass lineages including a subspecies, 
Micropterus dolomieu velox Hubbs and Bailey 1940, endemic to streams of the Neosho 
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River along the western slopes of the Ozark Mountains (Koppelman and Garrett 2002). 
Stark and Echelle (1998) described two additional lineages, “Ozark” and “Ouachita” 
bass. Collectively these three lineages represent the ancestral stock of smallmouth bass 
(Stark and Echelle 1998). Similar to the conclusions of Stark and Echelle (1998), this 
study recovered the velox subspecies and “Ouachita” clades as separate lineages in 
addition to intra-basin relationships among Ouachita Mountains streams (Little River 
versus Ouachita River). Interestingly, both studies recovered genomes from the Eastern 
Highlands also present in the Interior Highlands.  
 
Contemporary Problems of Translocated Fish 
 A few smallmouth bass carrying central and eastern haplotypes were found in 
sampling sites well outside the expected distribution of their lineages. These outlier 
locations included the upper Mississippi River, St. Louis River estuary in Lake Superior, 
and the tributaries along the western shore of Lake Michigan. Their disjunct distribution 
relative to their lineage’s anticipated distribution, low frequencies, and depauperate gene 
pool of western sites suggested that their presence is due to anthropogenic events.  
 Given the popularity of this sport fish, it is neither surprising that smallmouth bass 
have been introduced worldwide (e.g. Keith and Allardi 1998) nor unexpected to find 
evidence of stocking events. Bass of unknown genetic origin were stocked in the 
Sheboygan and Milwaukee Rivers of Lake Michigan (T. Burzynski, WDNR, pers comm) 
and putatively identified as invasive in this study. Bass in St. Louis River estuary, which 
were putatively identified as ‘invasive’, may have been derived from ballast water given 
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that Duluth Harbor is the largest ‘in-ballasting’ port on the Great Lakes (D. Pratt, 
WDNR, pers comm). 
 
CONCLUSIONS 
 
 Historical and contemporary mechanisms interact over time and space to define 
the distributional pattern of genetic variation among populations. Historical events 
impacting the phylogeographic pattern of smallmouth bass include drainage 
rearrangement and capture, glaciations and dispersal, and most recently, intentional and 
accidental translocation of individuals across great distances.   
 The recoverable signal from these events varies among populations; therefore, a 
definitive answer eludes the question of what populations served as the immediate 
ancestors for each of the Great Lakes, or even their tributaries. But, the presence of 
shared haplotypes, especially when rare across their distribution, clearly gives evidence 
that some proportion of the migrants came from specific refugia. The Brule-Portage and 
Chicago outlets served as access points for a single genetic group colonizing Lakes 
Superior and Michigan respectively. The Fort Wayne outlet allowed populations from the 
Wabash and Ohio River basins to colonize the central Great Lakes, Huron and Erie. The 
central Great Lakes also had other access points from either the west across the upper 
peninsula of Michigan into Lake Huron or from an unidentified source east of Lake Erie, 
which also colonized Lake Ontario and the St. Lawrence River. The genetic composition 
and divergence of Great Lakes’ populations is in large part due to the history of their 
dispersal via different outlets. 
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 Additional sampling of populations in the Eastern and Interior Highlands is 
necessary to better resolve the genetic relationships between populations in the Interior 
Highlands and those in the upper Mississippi River and between populations in 
Tennessee and Kentucky and those in the Ohio and Wabash Rivers.  
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CHAPTER V 
 
STRIATED MUSCLES OF THE BLACK BASSES (MICROPTERUS, 
CENTRARCHIDAE): MYOLOGICAL STASIS IN A GENERALIZED GROUP OF 
PERCOMORPH FISHES1 
 
W. Calvin Borden2 and Miles M. Coburn3 
 
 
ABSTRACT 
 
 Striated muscles of a generalized genus of percomorph fishes (Micropterus, 
Centrarchidae, Percomorpha) were described. Overall, myological variation was sparse 
among species of black bass. Variation took the form of minor variants in the size or 
shape of a muscle or of singular or incongruous variants characterized by abnormalities 
                                                 
1 Published as Borden, W.C., and M.M. Coburn. 2008. Striated muscles of the black basses 
(Micropterus, Centrarchidae): myological stasis in a generalized group of percomorph 
fishes. Bulletin of the Florida Museum of Natural History.  
2 Dept. BGES, Cleveland State University 
3 Dept. Biology, John Carroll University 
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in a single specimen. The remaining myological variation occurred as mimicking variants 
and was shared irregularly among taxa. The lack of myological variation among black 
bass may well be correlated with the low degree of diversity exhibited in their ecology, 
life history, and external anatomy. However, the value of Micropterus in systematic and 
evolutionary studies is not compromised by morphological stasis. Instead, because 
Micropterus and other conserved lineages have been minimally responsive to ecological 
factors, they are valuable as outgroups to polarize character states, as identifiers of 
vicariant events leading to allopatric speciation, and as exemplars for studying the 
evolutionary mechanism of stabilizing selection. In addition, the description and 
assessment of myological variation in this generalized percomorph will be useful in 
future studies of comparative anatomy, functional morphology, and higher level 
systematics.   
 
INTRODUCTION 
 
 The myology of fishes is an under-described morphological system relative to 
osteology. This is unfortunate because it has been shown to be relevant in determining 
phylogenetic relationships across a variety of diverse fish groups and taxonomic levels 
(e.g. tetradontiforms - Winterbottom 1974b; acanthurids – Winterbottom 1993; teleosts - 
Greenwood & Lauder 1981; cottoids - Yabe 1985; cirrhitoids – Greenwood 1995; 
acanthomorphs - Mooi & Gill 1995; nasines - Borden 1999; siluriform families - Diogo 
2005; notothenioids - Iwami 2004; actinopterygians - Springer & Johnson 2004; basal 
acanthomorphs - Wu & Shen 2004; bony fish and tetrapods – Diogo & Abdala 2007). We 
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initiated the current study to (1) describe a relatively unknown character system, striated 
muscles, in a generalized percomorph genus, (2) evaluate the utility of myology in 
resolving species level relationships among the black bass (Micropterus, Centrarchidae), 
and (3) contribute to a the development of a myological data base suitable for higher 
level systematic studies among percomorphs.  
 The phylogenetic affinities of Centrarchidae within Percomorpha are unknown 
although centrarchids are considered basal members of the order. The family is 
monophyletic and consists of eight genera with 31 species inhabiting freshwaters, mostly 
in eastern North America, and known commonly as black bass, sunfish, rock bass, and 
crappies (Nelson 2006). The genus Micropterus Lacépède (1802) is monophyletic and is 
comprised of seven species, the redeye bass (M. coosae), the shoal bass (M. cataractae), 
the Suwannee bass (M. notius), the Guadalupe (M. treculii), and three species which have 
recognizable subspecies: the smallmouth bass (M. dolomieu: dolomieu and velox), the 
spotted bass (M. punctulatus: henshalli and punctulatus), and the largemouth bass (M. 
salmoides: floridanus and salmoides). Black bass have been identified as the basal clade 
of centrarchids (Ramsey 1975; Wainwright & Lauder 1992; Mabee 1993) or a derived 
clade either as the sister group to Lepomis (Branson & Moore 1962; Avise et al. 1977; 
Near et al. 2005), or with unresolved affinities (Roe et al. 2002).  
 The interspecific relationships of Micropterus species have also varied 
considerably. Bailey (1938) and Hubbs and Bailey (1940) envisioned two lineages of 
black bass, one consisting solely of M. salmoides placed in the genus Huro (Fig. V.1A).  
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Figure V.1. Proposed phylogenetic relationships among the black bass. Each hypothesis 
is based on a different data set and tree building criterion, if any. A. Hubbs and Bailey 
(1940, Fig. 1). “dolomieu” and “velox” are subspecies of M. dolomieu. “henshalli”, 
“punctulatus”, and “wichitae” are subspecies of M. punctulatus. B. Branson and Moore 
(1962, Fig. 15). C. Ramsey (1975) included 2 subspecies in M. salmoides and M. 
dolomieu each and 3 subspecies in M. punctulatus. D. Johnson et al. (2001, Fig. 2). E. 
Kassler et al. (2002, Fig. 6). F. Near et al. (2005, Fig. 7). Near et al (2003) switched the 
position of “cataractae” and “coosae”. The numbers located at each node are age 
estimates in “millions of years ago” using a fossil cross-validation methodology (Near et 
al. 2005).  
 
Branson and Moore (1962) recognized six species and identified M. salmoides as the 
basal lineage based on a detailed analysis of the acustico-lateralis system (Fig. V.1B). 
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Ramsey (1975) grouped seven species into three lineages with M. salmoides comprising 
one lineage, and M. coosae and M. dolomieu comprising a second lineage (Fig. V.1C). 
These morphological hypotheses were followed by a series of molecular analyses using 
phylogenetic methods (Fig V.1D, Johnson et al. 2001; Fig. V.1E, Kassler et al. 2002; Fig. 
V.1F, Near et al. 2003, 2005). While the results of the Johnson et al. (2001) study 
resembled those morphological hypotheses with M. salmoides as the basal clade, the 
remaining molecular studies suggested new phylogenetic relationships. Kassler et al. 
(2002), employing meristic and molecular characters, recovered M. salmoides deeply 
nested in the tree and a non-sister group relationship between M. punctulatus henshalli 
and M. punctulatus punctulatus (Fig. V.1E). Most recently, Near et al. (2003, 2005) 
recovered a fully resolved tree supporting a M. dolomieu-M. punctulatus clade as the 
sister group to the remaining black bass (Fig. V.1F).  
Black bass are high trophic level predators primarily of fishes and crayfishes 
(Scott & Crossman 1973; Koppelman & Garrett 2002) and well known as sport fishes. As 
a consequence, numerous studies have investigated facets of their ecology, reproduction, 
life history, and behavior (see Philipp & Ridgway 2002 as a starting point). In addition, 
various anatomical components have been described as exemplars in the context of 
functional morphology (Wainwright & Lauder 1992; Higham 2007), kinematics (Lauder 
1982), ecomorphology (Norton & Brainerd 1993; Wintzer & Motta 2005), descriptive 
osteology (Shufeldt 1900; Blair & Brown 1961; Mabee 1988), ontogeny (Mabee 1993), 
and pigment patterns (Mabee 1995). A complete morphological appraisal of a relatively 
conservative anatomical system (i.e. myology) promotes a fuller understanding of the 
comparative anatomy, functional morphology, and systematics of these fishes.  
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MATERIALS AND METHODS 
 
 Sample size can adversely affect phylogenetic results particularly if character 
state variation within the taxonomic unit is not identified. A protocol for detecting 
myological variants was put forth by Raikow et al. (1990) and subsequently modified by 
Kesner (1994). Their models suggested that at least 10 specimens of a reference species 
should be bilaterally dissected in a search for variable character states. Variants were 
categorized as “incongruous” (abnormal and nonfunctional variation due to a 
malformation), “mimicking” (an atypical condition in one species that is typical for a 
different species), “minor” (slight variation in size, shape, position and perhaps resulting 
from nonbiological causes), and “singular” (atypical but not nonfunctional, and not 
present in other taxa) (Raikow et al. 1990). Incongruous, minor, and singular variants are 
phylogenetically uninformative; mimicking variants create homoplasies in the form of 
convergences or parallelisms. Raikow et al. (1990) recommended initial dissections of a 
reference species to identify and eliminate minor and incongruous variants. Single 
bilateral dissection and at least two unilateral dissections should be undertaken in the 
remaining species to resolve mimicking and singular variants. Alternatively, in the 
absence of 10 specimens for a given species, four to five specimens of several species 
should be dissected (Kesner 1994).  
Lacking a series of 10 specimens, M. coosae, M. d. dolomieu, and M. s. salmoides 
were dissected for seven, five, and eight specimens respectively of which four, four, and 
six specimens were bilaterally dissected. In all specimens examined, muscles of the 
branchial and hyoid arches, pectoral, pelvic, and caudal fins were bilaterally dissected. 
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Muscles of head, cheek, jaws, suspensorium, and those connecting any two components 
of the head, suspensorium, and fins were dissected bilaterally in at least one specimen. 
Specimens were dissected sequentially and in random order excepting most specimens of 
M. d. dolomieu and M. s. salmoides, which were dissected at the beginning of the study to 
assess the prevalence of the four variant classes.   
 Striated muscle terminology follows Winterbottom (1974a); nerves follow 
Freihofer (1963). Muscle descriptions represent a consensus or generalized form of each 
species, thus averaging out the effects of minor variation such as muscle proportions or 
muscle origins on bones with fimbricate sutures (e.g. prootic and pterotic suture). 
Swimbladder and subcutaneous muscles were not observed, median fin and eye muscles 
were not examined, and body and carinal muscles were not described in detail except as 
relevant to muscles described below. Roman numerals were used to denote muscles; 
Arabic numbers were used to denote bones. Singular and incongruous variants were 
noted under the appropriate muscle and checked against antimeres and other specimens. 
Intraspecific and mimicking variation is listed in Table XI. Soft anatomical features such 
as the number and structure of pyloric caecae and the nasal rosette were also described. 
Morphological conditions in outgroup species were described for characters variable only 
among Micropterus species or for incongruous and singular variants.  
Fish were fixed in 10% formalin and stored in 70-75% ethyl alcohol. Specimens 
were dissected using a Nikon SMZ-U microscope and drawn using a camera lucida 
attachment on a Leica MZ125 microscope. Small and questionable muscle fibers were 
stained with a modified iodine solution (Bock & Shear 1972) to highlight them against 
non-muscle tissue. Following dissection, some specimens were cleared and the double 
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stained for bone (alizarin red-S) and cartilage (Alcian blue) using modified protocols of 
Potthoff (1984) and Taylor and Van Dyke (1985). 
Scientific names follow Nelson et al. (2004) with the following additions that 
recognized subspecific status in M. dolomieu [dolomieu and velox], M. punctulatus 
[henshalli and punctulatus] (following Hubbs & Bailey 1940), and M. salmoides 
[floridanus and salmoides] (following Bailey & Hubbs 1949). Although Kassler et al. 
(2002) argued for the promotion of M. s. floridanus and M. s. salmoides to specific status 
based on meristic and molecular data, we retain them as subspecies following the 
recommendation of Nelson et al. (2004) for additional analysis.  
  
Specimens Dissected 
 Institutional abbreviations follow Leviton et al. (1985). The number of specimens 
dissected and their standard length(s) in millimeters follows the catalog number.  
 
Micropterus. — (1):  M. cataractae Williams & Burgess 1999, ROM 82445, 1 (216.2 
mm SL); UMMZ 168752, 1 (102.8 mm SL). (2):  M. coosae Hubbs & Bailey 1940, 
OSUM 105229, 1 (104.3 mm SL); ROM 82449, 1 (116.0 mm SL); ROM 82450, 1 (126.1 
mm SL); UF 86268, 1 (131.8 mm SL); UF 86313, 1 (122.2 mm SL); UF 89989, 1 (154.7 
mm SL); USNM 168075, 1 (98.7 mm SL). (3):  M. d. dolomieu Lacépède 1802, CAS 
13020 C&S, 1 (77.2 mm SL); OSUM 102599, 1 (173.2 mm SL); OSUM 102600, 1 
(155.2 mm SL); ROM 1783CS, 1 (178.3 mm SL); ROM 82436, 1 (248.8 mm SL); ROM 
82437, 1 (133.2 mm SL). (4):  M. d. velox Hubbs & Bailey 1940, UMMZ 116802, 1 
(121.6 mm SL); UMMZ 128680, 1 (120.7 mm SL). (5):  M. notius Bailey & Hubbs 1949, 
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UF 57323, 1 (187.6 mm SL); UF 58761, 2 (131.8 – 145.2 mm SL, fish labeled “4” and 
“5” respectively by UF); TU 9775, 2 (107.4 – 152.3 mm SL). (6):  M. p. henshalli Hubbs 
& Bailey 1940, UAIC 10587.15, 1 (154.3 mm SL); UAIC 12652.19, 1 (132.8 mm SL). 
(7):  M. p. punctulatus (Rafinesque 1819), OSUM 102597, 1 (153.4 mm SL); OSUM 
102598, 1 (144.7 mm SL); USNM 251991, 2 (88.0 - 95.4 mm SL). (8):  M. s. floridanus 
(Lesueur 1822), UMMZ 158634, 1 (128.8 mm SL); UMMZ 163350, 1 (125.6 mm SL). 
(9):  M. s. salmoides (Lacépède 1802), CAS 19030 C&S, 1 (60.6 mm SL); ROM 
1780CS, 1 (170. mm SL); ROM 1781CS, 1 (159.1 mm SL); ROM 1782CS, 1 (138.2 mm 
SL); ROM 82435, 1 (176.5 mm SL); ROM 82446, 4 (153.2 – 219.4 mm SL). (10):  M. 
treculii (Vaillant & Bocourt 1874), OSUM 105227, 1 (254.0 mm SL); ROM 1784CS, 1 
(253.0 mm SL); UMMZ 136849, 1 (112.8 mm SL); UMMZ 220247, 1 (137.2 mm SL). 
 
Centrarchids. — (1):  Ambloplites ariommus Viosca 1936, ROM 82444, 1 (105.2 mm 
SL). (2):  Centrarchus macropterus (Lacépède 1801), UMMZ 164961, 1 (124.8 mm SL). 
(3):  Lepomis cyanellus Rafinesque 1819, ROM 82438, 1 (81.1 mm SL). (4):  Lepomis 
gibbosus (Linnaeus 1758), ROM 82439, 1 (113.6 mm SL). (5):  Pomoxis nigromaculatus 
(Lesueur 1829), ROM 82440, 1 (152.3 mm SL). 
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RESULTS 
 
Muscles of the Cheek 
 The ligamentum primordium tendinously attaches on the dorsolateral surface of 
the maxilla and arcs posteriorly and ventrally to attach on the lateral surface of the 
angular (angulo-articular) anterior of the quadrate-angular articulation.  
 
Adductor mandibulae (A1, A2, A3, Aω, Figs. V.2-5, V.8). 
All sections of the adductor mandibulae are graded to varying degrees, and the 
extensive grading complicates assignment of fibers to a specific section. After removal of 
the skin and infraorbitals, the adductor mandibulae occupies the lateral side of the 
suspensorium in the space bounded by the orbit, preopercle, and jaws. The lateralmost 
section of the adductor mandibulae is A1. Section A1 is described as two bundles of 
unequal size. The dorsalmost of the two sections originates on the preopercle, 
anterodorsal face of the hyomandibula, and base of the levator arcus palatini. The ventral 
border is separable from the ventral and main mass of A1 only laterally as fibers are 
graded medially. As the dorsal section passes anteriorly, it rolls medially over the main 
mass of A1 and grades into a medial aponeurosis shared by several sections of the 
adductor mandibulae. Fibers of the main bundle of A1 originate primarily on the 
preopercle but also include the hyomandibula. Insertion includes the ligamentum 
primordium particularly at the anterodorsal corner of the muscle and the aforementioned 
medial aponeurosis. In addition, a well-developed tendon arises from the anteromedial  
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Figure V.2. Left, lateral view of the superficial cheek musclulature of M. p. henshalli 
(UAIC 12652.19, 132.8 mm SL). Anterior is to the left. Scale bar = 5 mm. Abbreviations: 
A1, A2, A3 – sections of the adductor mandibulae; AAP – adductor arcus palatine; DOp 
– dilatator operculi; LAP – levator arcus palatini; LOp – levator operculi; lp – 
ligamentum primordium; LPect – levator pectoralis; RMV – ramus mandibularis V. 
 
corner of the muscle mass, runs parallel to the ligamentum primordium, and inserts on the 
medial surface of the maxilla at the level of the ligamentum primordium. Insertion on the 
medial surface of the maxilla suggests that it is A1β, however, the lack of a distinct origin 
from the palatal arch or suspensorium and its dorsolateral position relative to A2 preclude 
its identification as A1β.  
 A2 originates on the preopercle and hyomandibula and is inseparable from A1 
due to extensive grading. Minor grooves and lateral separations were occasionally present 
in the fused A1- A2α bundle but disappeared medially due to extensive grading and 
therefore were not given subsection status. Anterior and more dorsal fibers of A2 grade 
into the medial aponeurosis shared by the bundles of A1 while more ventral fibers grade 
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into Aω via a myocommatum. A tendon arises from the anteroventral corner of the A1- 
A2 muscle mass and inserts on the medial side of the angular in the Meckelian fossa 
ventral to the cartilage.  
 Ramus mandibularis V of the 5th cranial nerve (trigeminal nerve) is medial to A1- 
A2 and lateral to a single section of muscle identified as A3. A3 originates on the 
quadrate, symplectic, hyomandibula, preopercle, metapterygoid, and base of the levator 
arcus palatini at the metapterygoid. The posterior border of A3 is notched weakly giving 
it a chevron shape. Dorsal fibers of A3 attach to the tendon of A1-A2, the shared medial 
aponeurosis, and Aω. More ventral fibers of A3 originating on the quadrate and 
symplectic, run near horizontal, and give rise to a tendon that inserts on the medial side of 
the angular in the Meckelian fossa dorsal to the cartilage and near its posterior end. This 
tendon is lateral to the tendon from A1-A2. 
 
 
 
 
Figure V.3. Left, lateral view of the superficial cheek musculature of M. cataractae 
(UMMZ 168752, 102.8 mm SL). Anterior is to the left. A. as above. Scale bar = 5 mm. 
B. Detailed view of the tendons inserting on the medial side of the maxilla and fibers 
passing to the medial side of the lower jaw. Scale bar = 1 mm. Abbreviations as in Figure 
V.2.  
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 Aω attaches on the medial side of the lower jaw from the intermandibularis at its 
anterior end and extends posteriorly via a strong tendon to originate on the quadrate, 
preopercle, and symplectic. The tendon of Aω is medial to the tendons from sections A1-
A2 and A3; however, fibers of Aω are heavily graded with both tendons and determining 
which fiber belongs to which section is both frustrating and fruitless as this pattern is 
consistent among Micropterus species.  
 
 
 
 
Figure V.4. Medial view of the cheek musculature of M. p. henshalli (UAIC 12652.19, 
132.8 mm SL). Anterior is to the right. Scale bar = 5 mm. A. The lower jaw has been 
removed, and the tendon of Aω to the suspensorium and preopercle has been cut. B. As 
above with Aω removed and most of A3 cut and removed. Abbreviations: Aω – medial 
section of the adductor mandibulae; as in Figure V.2.  
 
 
Levator arcus palatini (LAP, Figs.  V.2, V.3, V.7). 
 This muscle is a large bundle forming the posterior wall of the orbit. It originates 
on the sphenotic and fans out onto the metapterygoid and hyomandibula with a few fibers 
 152
extending to the adductor arcus palatini. The origin does not appear to include the frontal 
dorsally or prootic medially. The posterior border passes medial to the anterior border of 
the dilatator operculi, but the two muscles have only a few, if any, graded fibers.  
 
 
 
Figure V.5. Medial view of the muscles connecting the cranium to the right suspensorium 
and opercular series of M. s. floridanus (UMMZ 163350, 125.6 mm SL). Anterior is to 
the left. Scale bar = 5 mm. Abbreviations: AddHy – adductor hyomandibulae; AddOp – 
adductor operculi; HyoAdd – hyohyoides adductores; i – site of interhyal articulation; as 
in Figures V.2 and V.4.  
 
 
Dilatator operculi (DOp, Figs. V.2, V. 3, V.6, V. 7). 
 This muscle has the shape of an inverted triangle with a broad origin on the 
sphenotic, pterotic, and hyomandibula. It tapers ventrally and inserts on the dilatator 
process of the opercle. Fibers pass medial to the dorsal tip of the preopercle. The 
posterior border is medial to the levator operculi; fibers of the two muscles are not 
graded.   
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 Levator operculi (LOp, Figs. V.2, V.5-7). 
 The origin is confined to the pterotic but the muscle quickly fans out onto the 
medial, dorsal surface of the opercle. A small, autonomous section of fibers originates 
from the posttemporal and inserts on the medial, dorsal surface of the opercle posterior to 
the main mass. This posterior section is weakly developed and lies within connective  
 
 
 
 
Figure V.6. Left, lateral view of the posterior muscles connecting the cranium and 
opercular series of M. p. punctulatus (OSUM 102598, 144.7 mm SL). Anterior is to the 
left. Scale bar = 5 mm. Abbreviations as in Figure V.2.   
 
 
tissue running from the skull to the opercle. This posterior section was the most diffuse 
and smallest in both specimens of M. cataractae, and absent in Lepomis cyanellus (ROM 
82438). 
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 Adductor arcus palatini (AAP, Figs. V.2, V.3, V.5). 
 This muscle forms the posterior half of the orbit floor. It originates on the prootic 
and parasphenoid and inserts on the metapterygoid and mesopterygoid. Posteriorly it is 
continuous and graded heavily with the adductor hyomandibulae.  
 
Adductor hyomandibulae (AddHy, Figs. V.5, V.7). 
 This muscle is continuous with the posterior border of the adductor arcus palatini. 
It inserts solely on the medial side of the hyomandibula. The origin includes the prootic, 
pterotic, and anteriodorsal corner of the intercalar. The origin is linear on the 
neurocranium (sphenotic-pterotic) along the medial side of the hyomandibula’s 
articulation with the skull. The muscle is bulkier on either side of this articulation. 
 
Adductor operculi (AddOp, Figs. V.5, V.7). 
 The adductor operculi originates on the intercalar and extends ventrally to the 
suture with the exoccipital but not onto the exoccipital. The origin lies posterior to the 
adductor hyomandibulae and anterior to the levator posterior. The adductor operculi is 
separable from the latter but may grade with the adductor hyomandibulae. Insertion is on 
the medial side of the opercle dorsal to a horizontal bony ridge, and posterior to the 
opercle-hyomandibula articulation and levator operculi.  
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Figure V.7. Left, lateral view of muscles connecting the cranium to the suspensorium and 
pectoral girdle and the dorsal muscles of the branchial gill arches of M. p. punctulatus 
(OSUM 102598, 144.7 mm SL). Anterior is to the left. Scale bar = 5 mm. Abbreviations: 
Epx – epaxialis; h – site of hyomandibular articulation; LE – levator externus; LI – 
levator internus; LPost – levator posterior; OD – obliquus dorsalis; PrPect – protractor 
pectoralis; TD – transverses dorsalis; as in Figures V.2 and V.5. 
 
 
Muscles of the Ventral Surface of the Head 
Intermandibularis (IntM, Fig. V.8). 
 The intermandibularis originates on the medial surface of the dentary, on either 
side of the symphysis, and meets its antimere at the ventral midline in the absence of a 
raphé. The muscle is a flattened sheet lying in a frontal plane. 
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Protractor hyoidei (PrHy, Fig.V. 8). 
 The anterior border of this muscle is bifurcated to accommodate its origin on the 
medial surface of the dentary above and below the intermandibularis. Anteriorly the 
antimeres are held together along the ventral midline via a septum but diverge 
posteriorly. Two myocommata are present posteriorly. Insertion is on the lateral side of 
the anterior ceratohyal with the posteroventral fibers passing laterally to branchiostegal 
rays 1 and 2 but medially to ray 3. An exception to this pattern was M. coosae (UF 
86313), in which the right antimere passes lateral to branchiostegal rays 1-3 and medial 
to ray 4; however, the left antimere follows the “normal” pattern. It may be more accurate 
to note that the protractor hyoidei passes medial to the first branchiostegal ray having a 
well-developed head (usually the third ray) that also articulates on the lateral side of the 
anterior ceratohyal. Branchiostegal rays anterior to this ray lack such well-developed 
heads and abut the ventral edge of the anterior ceratohyal, not its lateral surface.  
 
 
 
 
Figure V.8. A. Dorsal and B. ventral view of the lower jaws and of M. coosae (ROM 
82449, 116.0 mm SL). Anterior is to the left. Unfilled area of A is toothed. Scale bar = 5 
mm. Abbreviations: IntM – intermandibularis; PrHy – protractor hyoidei; as in Figure 
V.4. 
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Hyohyoides inferioris. 
 This muscle running from the urohyal to the hyoid arch is absent. 
 
Hyohyoidei adductores (HyoAdd, Fig. V.9). 
 The adductor bundles originate primarily on the medial side of the opercle and 
insert on the dorsoposterior surfaces of the posteriormost branchiostegal rays. Additional 
bundles are isolated distally between branchiostegal rays. In general, adductor fibers 
parallel the ventral borders of the anterior and posterior ceratohyals.  
 
Hyohyoidei abductores (HyoAbd, Fig. V.9). 
 The abductors are composed of many isolated bundles. The largest bundle 
originates tendinously on the dorsal and ventral hypohyals. This bundle crosses the 
midventral line and attaches to the medial surfaces of branchiostegal rays 1 and 2. 
Antimeres overlap at the origin with the left antimere (left side of hypohyals to right 
branchiostegal rays) ventral to the right antimere. Additional bundles originate 
muscularly on the ventral side of the anterior ceratohyal and insert on the medial, 
proximal surfaces of adjacent branchiostegal rays. In general, abductor bundles are 
orientated obliquely relative to the ventral borders of the anterior and posterior 
ceratohyals.  
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Figure V.9. Right, lateral view of the hyoid arch minus the urohyal of M. d. dolomieu 
(OSUM 102600, 155.2 mm SL). Anterior is to the right. Scale bar = 5mm. The 
branchiostegals have been spread and not all fibers of the hyohyoidei abductores were 
drawn including the antimere originating from the hypohyals. Abbreviations: HyoAbd – 
hyohyoideus abductores; as in Figure V.5. 
 
 
Muscles Serving the Dorsal Elements of the Branchial Arches 
Levatores externi (LE I-IV, Figs. V.7, V.10, V.11) 
 Four muscles, each a levator externus, constitute the levatores externi with each 
bundle serving the dorsal elements of one of the first four gill arches. Levatores externi I 
and II originate primarily on the prootic while III and IV originate primarily on the 
pterotic although all four muscles probably share both the prootic and pterotic. Levator 
externus I is nearly vertical but the remaining externi muscles are orientated obliquely. 
Levatores externi III and IV are closely appressed but not graded. Levator externus I 
inserts on epibranchial 1 anterolateral to its articulation with the interarcual cartilage. 
Levator externus II inserts on a raised dorsoposterior ridge of epibranchial 2; levator 
externus III inserts on a well developed uncinate process of epibranchial 3, and levator 
externus IV inserts on a raised ridge of epibranchial 4 that is lateral to the uncinate 
 159
process but medial to a very small levator process. Insertion sites move distally from 
levator externus I to IV.  
 
Levatores interni (LI II-III, Figs. V.7, V.10). 
 Two muscles, each a levator internus, serve the dorsal elements of either the 
second or third gill arch. They originate on the prootic and pterotic medial to the 
levatores externi. Levator internus II is medial to III, and they form an “X” in lateral 
view. Levator internus II inserts on the dorsal surface of pharyngobranchial 2 adjacent to 
its articulation with the interarcual cartilage. Levator internus II inserts on the dorsal 
surface of pharyngobranchial 3 adjacent to its articulation with epibranchial 3. In M. 
treculii (UMMZ 136849), fibers of levator internus III also insert on the cartilaginous end 
of epibranchial 3 at its articulation with pharyngobranchial 3.  
 
Levator posterior (LPost, Figs. V.7, V.10). 
 The levator posterior is well developed and separated from the externi and interni 
muscles. It originates on the intercalar, posterior of the adductor operculi, at the base of 
the ‘stump’ that articulates with the posttemporal. It inserts on the dorsal, distal surface of 
epibranchial 4 anterior to levator externus IV.   
 
Obliquus dorsalis (OD III/IV, Figs. V.7, V.10). 
 A single bundle originates from the dorsal surfaces of epibranchials 3 and 4 and 
extends medially to insert on the dorsal surface of pharyngobranchial 3. Fibers along the 
epibranchials are heavily graded.  
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Figure V.10. Dorsal view of the branchial gill arch muscles of M. p. henshalli (UAIC 
12652.19, 132.8 mm SL). Anterior is to the left. Scale bar = 5 mm. The left epibranchial 
1 has been removed as has the right pharyngobranchial 1. The right antimere of the 
retractor dorsalis, obliquus dorsalis III/IV, and transversus dorsalis IV have been 
removed. Abbreviations: Add – adductor; OP – obliquus posterior; RD – retractor 
dorsalis; SphOes – sphincter oesophagi; as in Figure V.7.  
 
 
Transversi dorsales (TD II, III/IV, Figs. V.7, V.10). 
 Transversus dorsalis II consists of two graded bundles. An anterior circular 
bundle arises from the dorsolateral surface of pharyngobranchial 2 and passes medially 
where it attaches to its antimere via a raphé. A more posterior bundle arises along the 
dorsal surface of epibranchial 2 and passes to the dorsal midline where it attaches to its 
antimere via a raphé. The posterior border of the circular section is dorsal to the more 
posterior section but the two sections are heavily graded. Ventrally the bundles adhere to 
the dorsal side of the skin lining the buccal cavity along the dorsal midline. Dorsally, the 
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muscle abuts the parasphenoid. Springer and Johnson (2004) noted a small accessory 
cartilage on the anterodorsal tip of pb2 as part of the origin of TD II in cleared and 
stained material of M. dolomieu. In essence, this cartilage lies on the “free” and 
cartilaginous end of pb2 adjacent to the interarcual cartilage. Such a cartilage was not 
observed during the dissection of the dorsal gill arches prior to double-staining. Eight 
specimens were cleared and stained (one each of M. coosae, M. d. dolomieu, M. notius, 
M. p. punctulatus, M. treculii, and three M. s. salmoides) following dissection. The first 
author noticed what he would call a cartilaginous bud on one specimen of M. d. dolomieu 
and M. s. salmoides. However, confidence in this interpretation is not high since the TD 
II and/or pb’s were removed in many dissections and consequently could have removed 
any autogenous or bud-like cartilages. 
 A transversus dorsalis III/IV bundle originates on the dorsal surfaces of 
epibranchial 3 and pharyngobranchial 3 and often includes the medial cartilaginous end 
of epibranchial 4 and dorsal surface of pharyngobranchial 4. Fibers extend medially to 
join its antimere in the absence of a raphé. The posterior border of the bundle is usually 
separable from fibers of the sphincter oesophagi. 
 
Obliquus posterior (OP, Figs. V.10-11). 
 This is a well-developed muscle posterior to both of the adductor muscles. It is 
attached to the posterior side of ceratobranchial 5 and runs dorsally to insert on the 
posterior surface of epibranchial 4, medial to levator externus IV. The obliquus posterior 
grades into the sphincter oesophagi medially. 
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Figure V.11. Posterior view of the left fourth and fifth branchial gill arches and muscles 
of M. d. velox (UMMZ 128680, 120.7 mm SL). The esophagus is to the right. Scale bar = 
1 mm. The sphincter oesophagi grades into the obliquus posterior medially. The 
protractor pectoralis has been removed. Muscle fibers extend ventrally to the level of the 
epibranchial-ceratobranchial articulation before grading into the branchial wall. The latter 
is attached to the posterior surfaces of epibranchial 4 and ceratobranchials 4 and 5.  
Abbreviations: cb 4 – ceratobranchial 4; cb 5 – ceratobranchial 5; eb 4 – epibranchial 4; 
as in Figures V.7 and V.10. 
 
 
Adductores (Add IV-V, Figs. V.10, V.11). 
 Adductor IV connects ceratobranchial 4 and epibranchial 4. The insertion on 
epibranchial 4 is lateral to the obliquus posterior. Adductor V connects ceratobranchials 4 
and 5; however, fibers may extend onto the cartilaginous end of epibranchial 4 at its 
articulation with ceratobranchial 4. Adductor V is posterior to adductor IV. 
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Retractor dorsalis (RD, Fig. V.10). 
 The retractor dorsalis is a large muscle originating on the ventral surfaces of 
vertebral centra 2 and 3, with some fibers on the posterior half of vertebral centrum 1. 
The left and right muscles pass anteroventrally to insert on the dorsal surfaces of 
pharyngobranchials 3 and 4. 
 
Interbranchiales abductores 
 The abductors connect the proximal, lateral bases of the filaments to the bony 
arches.  
 
Interbranchiales adductores (IntBAdd, Fig. V.12). 
 These bundles originate on the base of the gill filament of one hemibranch and 
attach distally to the gill filament of the opposite hemibranch. Thus, this is a Type I 
adductor as defined by Pasztor and Kleerekoper (1962).  
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Figure V.12. Dorsal view of a gill filament from the transverse section of the left, 
ceratobranchial 3 of M. p. punctulatus (OSUM 102598, 144.7 mm SL). Anterior is to the 
left. Scale bar = 1 mm. The interbranchiales abductores were not included but would 
connect either side of the ceratobranchial to the bases of the gill filaments. Abbreviations: 
IntBAdd – interbranchialis adductor; as in Figure V.11.  
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Muscles Serving the Ventral Elements of the Branchial Arches 
 The ventral side of the branchial arches is characterized by a distinct pattern of 
ligaments connecting the bony elements. From the ventral surface of basibranchial 3 a 
cupula (cartilaginous pedicle) arises and is positioned between the fourth 
ceratobranchials. An U-shape ligament connects the cupula posteriorly to each of the 
processes on the ventral surfaces of the third hypobranchials. This semi-circular ligament 
was originally considered to be characteristic of acanthopterygians (Dietz 1914, as cited 
by Winterbottom 1974a; Stiassny 1992), but has been identified in several non-
acanthopterygians (Springer & Johnson 2004). Additional ligaments connect 
hypobranchials 2 and 3. The ventral aorta ascends and passes just anterior to the 
cartilaginous pedicle.  
 
Sphincter oesophagi (SphOes, Figs. V.10-11, V.13). 
 This muscle is comprised of many autonomous bundles and fibers. Perhaps the 
most obvious bundles circumscribe the esophagus. In doing so, they may grade with the 
obliquus posterior. Fibers also parallel the posterior borders of transversus dorsalis III/IV 
and transversus ventralis V and may grade with either muscle. One sphincter bundle 
holds the retractor dorsalis against the esophagus acting as a ‘belt’. Additional sphincter 
bundles lie medially and laterally to the retractor dorsalis as the fibers run from the 
esophagus to the dorsal side of pharyngobranchial 3.  
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Obliqui ventrales (OV I-III, Fig. V.13). 
 Three obliquus ventralis muscles connect the ceratobranchials with their 
respective hypobranchials across their ventral surfaces. The majority of each muscle lies 
on the hypobranchials while the ceratobranchials contain strong tendinous attachments. 
Some fibers of obliquus ventralis III also attach to the U-ligament. By definition, these 
latter fibers comprise rectus ventralis III, and the resulting bundle is a graded obliquus 
ventralis III and rectus ventralis III. 
 
 
 
 
 
 
Figure V.13. Ventral view of the branchial gill arch musculature of M. d. dolomieu 
(OSUM 102600, 155.2 mm SL). Anterior is to the left. Scale bar = 5 mm. The hyoid arch 
has been removed and the rectus communis cut away from the urohyal. The right 
antimere of the rectus communis has been cut near its insertion. Abbreviations: hb – 
hypobranchial; OV – obliquus ventralis; PCE – pharyngoclavicularis externus; PCI – 
pharyngoclavicularis internus; RComm – rectus communis; RV – rectus ventralis; TV – 
transverses ventralis. 
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Recti ventrales (RV IV, Fig. V.13). 
 A single rectus ventralis IV connects the ventral side of ceratobranchial 4 to the 
U-ligament. Antimeres converge slightly toward the ligament. A fascia extends dorsally 
along the margins of rectus ventralis IV and the rectus communis forming a longitudinal 
branchial wall. This fascia extends posteriorly and attaches to ceratobranchial 5 
immediately posterior to transversus ventralis IV. M. treculii (ROM 1784CS) possesses 
an extra bundle of rectus ventralis IV originating on the left ceratobranchial 4 and 
inserting on the U-ligament. Centrarchus macropterus (UMMZ 164961) also has an 
additional rectus bundle originating on ceratobranchial 4, passes ventral to transversus 
ventralis IV, and inserts tendinously on the posterior side of the cupula at its base.   
 
Transversi ventrales (TV IV-V, Fig. V.13). 
 Transversus ventralis IV connects the medial surfaces of ceratobranchials 4 across 
the midline in the absence of a raphé. The posterior border is ventral to the anterior 
border of transversus ventralis V. Transversus ventralis V connects the fifth 
ceratobranchials in a similar manner. The posterior border of transversus ventralis V is 
continuous with sphincter oesophagi with some fibers appearing to grade with it. 
Dorsally, the transversi ventrales attach to skin between the ceratobranchials.   
 
Rectus communis (RComm, Fig. V.13). 
 Antimeres insert on the lateral surfaces of the urohyal and are graded above its 
dorsal edge. Antimeres diverge posteriorly and pass medially to ligaments connecting the 
urohyal and hypobranchials 2 and 3. They insert tendinously on the ventrolateral edges of 
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the fifth ceratobranchials, lateral to the insertions of pharyngoclavicularis externus and 
internus. The rectus communis may become tendinous as it passes lateral to the ventral 
aorta.  
 
Muscles Between the Pectoral Girdle and the Skull, Hyoid, and Branchial Arches 
Sternohyoideus (StHyo, Figs. V.8, V.14-15). 
 The sternohyoideus originates on the dorsal surface of the ventral arm of the 
cleithrum, lateral and anterior to the origin of pharyngoclavicularis externus. Antimeres 
are heavily graded and contain three myocommata. The bundles pass anteriorly and insert 
on the lateral sides of the urohyal. Connective tissue from the sternohyoideus extends 
dorsally and attaches to the ventral processes of hypobranchials 2 and 3. The 
sternobranchialis, which is derived from the sternohyoideus and attaches to the third 
hypobranchial, is absent.  
 
Pharyngoclavicularis externus (PCE, Figs. V.13-15). 
 This muscle originates on the dorsal surface of the ventral arm of the cleithrum. It 
passes vertically to insert tendinously on the ventral side of ceratobranchial 5. Length of 
its insertion is almost that of transversus ventralis V.  
 
Pharyngoclavicularis internus (PCI, Figs. V.13-15). 
 This muscle originates on the medial surface of the cleithrum near the ‘bend’ at 
the juncture of the dorsal and ventral arms. The bundle passes horizontally to insert 
tendinously on the ventral side of ceratobranchial 5, medial to the pharyngoclavicularis 
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externus. The insertion occupies a small area near the posterior border of transversus 
ventralis V. Pomoxis nigromaculatus (ROM 82440) is unique in that the anterior portion 
of both antimeres continue anteriorly and insert tendinously on the tips of ceratobranchial 
5. In doing so, this anterior extension passes dorsal to transversus ventralis IV.  
 
Protractor pectoralis (PrPect, Fig. V.7). 
 This is a well-developed muscle posterior to the muscles serving the dorsal 
elements of the branchial arches. It originates tendinously on the wing of the pterotic and 
passes ventrally where it grades into the branchial wall. At the point where muscle fibers 
disappear, the branchial wall attaches strongly to the cleithrum, dorsal to 
pharyngoclavicularis internus and ceratobranchial 4. 
 
Levator pectoralis (LPect, Figs.V. 2, V.6, V.7). 
 The most obvious fibers of this muscle originate on the pterotic and intercalar and 
insert on the cleithrum and posttemporal. Perfunctory attention was paid to this muscle so 
additional attachment sites are not described.  
 
Baudelot’s ligament. 
 Although possessing no muscle fibers, this ligament passes from the exoccipital to 
a vertical ridge on the medial side of the supracleithrum.  
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Muscles of the Pectoral Fin 
 The pectoral girdle consists of the cleithrum, coracoid, scapula, and four radials 
with which the rays articulate. An interosseus septum occurs between the coracoid and 
cleithrum. The number of fin rays varies from 14 to 17 in Micropterus, and spines are 
absent in all species. The first ray is the most robust and referred to as the marginal or 
leading ray. The interradialis pectoralis is absent in all specimens dissected.  
 
Abductor superficialis (AbdS, Fig. V.14). 
 This muscle originates on the posterior side of the lateral flange of the cleithrum. 
The individual tendons form a continuous aponeurotic sheet and insert on the anterior 
surfaces of the fin ray bases of all but the marginal or leading ray.  
 
Abductor profundus (AbdP, Figs. V.14, V.16). 
 This muscle is medial to the abductor superficialis and originates primarily on the 
lateral surface of the coracoid but also includes the cleithrum near its ventral tip and the 
interosseus septum between these two bones. The lateral surface of the muscle often has a 
vertical ridge that coincides with the ventral border of the abductor superficialis. The 
development of this ridge is variable across specimens. The insertion site is the ventral 
surface of the posteriorly directed flange at the base of the fin ray. Insertion is tendinous 
on all rays. The tendon serving the leading ray arises from fibers only partially separated 
from the main abductor mass. The size of the ray and the tendon serving it decrease at the 
trailing end of the fin.  
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Figure V.14. Left, lateral view of the pectoral fin (15 rays) and girdle of M. treculii 
(UMMZ 220247, 137.2 mm SL). Anterior is to the left. Scale bar = 5 mm. A. Superficial 
abductor muscles and those attaching to the cleithrum from the branchial and hyoid 
arches. B. Medial abductor muscles. Abbreviations: AbdP – abductor profundus; AbdS – 
abductor superficialis; ArrV – arrector ventralis; cl – cleithrum; StHyo - sternohyoideus; 
as in Figure V.13. 
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Figure V.15. Left, medial view of the pectoral fin (15 rays) and girdle of M. treculii 
(UMMZ 220247, 137.2 mm SL). Anterior is to the right. Scale bar = 5 mm. A. As above. 
B. After removal of the adductor superficialis bundles. The adductor radialis is outlined 
by the dashed line. Abbreviations: AddM – adductor medialis; AddP – adductor 
profundus; AddRad – adductor radialis; AddS – adductor superficialis; ArrD – arrector 
dorsalis; cr - coracoid; as in Figures V.13 - 15.  
 
Arrector ventralis (ArrV, Fig. V.14). 
 The arrector ventralis lies anterior to the abductor profundus and medial to the 
abductor superficialis. It originates primarily on the cleithrum but also includes the 
anterodorsal corner of the coracoid and the interosseus septum. Insertion is on the 
anteromedial surface of the leading ray via a well-developed tendon. 
 
Adductor superficialis (AddS §1-3 and AddM, Fig. V.15). 
 Three bundles comprise the adductor superficialis. The distinct middle bundle is 
given the name of adductor superficialis medialis. Bundle one (§1) is the most medial 
section and originates on the dorsal arm of the cleithrum. It is vertically orientated and 
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inserts on the more ventral fin rays. The adductor superficialis medialis (§2 - AddM) is 
oblique to §1 and originates on the cleithrum along the bend where the dorsal and ventral 
arms converge. Section 2 serves the middle fin rays. The third section originates on the 
cleithrum, dorsal corner of the coracoid, and usually the ventral border of the scapula and 
the interosseus septum. Section 3 is twisted such that tendons from the ventral border of 
the bundle serve the dorsalmost fin rays. Tendons insert on the anterodistal surfaces of 
the base of all but the leading fin rays. Tendon length is greatest near ray 8.  
 
Adductor profundus (AddP, Fig. V.15). 
 The profundus muscle is lateral and ventral to the adductor superficialis. Origin 
includes the cleithrum, coracoid, and interosseus septum. Insertion is tendinous on the 
ventral surface of a posteriorly directed flange of the fin ray. It is noteworthy that tendons 
serving the ventralmost three rays are greatly reduced in size, and tendons serving the last 
two fin rays are closely bound to the antepenultimate tendon. Their small size and hidden 
appearance in combination with neighboring connective tissue create uncertainty in 
determining the number of ventralmost rays served. In the majority of specimens, all rays 
except the leading ray are served. Thorsen and Westneat (2005) report variable insertion 
patterns, such as those noted above, in labroids and five additional percomorph families.  
 
Arrector dorsalis (ArrD, Fig. V.15). 
 It originates on the cleithrum, coracoid, and interosseus space between cleithrum 
and coracoid and inserts on the leading ray. This muscle is graded with the adductor 
profundus. 
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Adductor radialis (AddRad, Figs. V.15-16. Table XI). 
  This muscle is small and lateral to the adductor profundus. It originates on the 
medial sides of radials 2-4. Anteriorly fibers may also originate on a fine ridge of the 
scapula. Insertion is tendinous on the ventralmost fin rays, the number of which is 
variable both within species and individuals (Table XI). In many instances when the 
specimen is asymmetrical with respect to the number of fin rays, the fin with the 
additional ray usually has an additional tendon of the adductor radialis although this 
pattern is not constant.  Given the small size of the tendons, it is possible that some 
inconsistencies may be the result of observation error, although Thorsen and Westneat 
(2005) also find interspecific variation of the adductor radialis among labroids and five 
additional families of coral reef fishes. 
 Sometimes muscle fibers of the adductor radialis are found that originate 
separately on the ventromedial face of radial 4 [M. coosae, OSUM 105299 (Right side); 
M. notius, UF 57323 (R), UF 58761 (L); M. p. punctulatus USNM 251991 (88.0 mm SL) 
(R); P. nigromaculatus, ROM 82440 (L, R)] or the coracoid at its deepest indentation [M. 
coosae, OSUM 105299 (L), ROM 82449 (R); M. notius, UF 57323 (L); M. p. 
punctulatus, OSUM 102597 (L); M. s. salmoides, ROM 1782CS; M. treculii, UMMZ 
136849 (L); L. gibbosus, ROM 82439 (L, R)]. A single specimen may have multiple 
conditions.  
 These fibers comprise a small slip of the adductor radialis that is lateral to the 
adductor profundus and clearly separable from the more lateral abductor profundus which 
is exposed in medial view between the coracoid and fourth radial. This slip is separable 
 175
 
 
 
 
Figure V.16. Different patterns of the origin and insertion of the adductor radialis of the 
pectoral fin. Pectoral rays served have been numbered with the leading ray as ray 1. Scale 
bar = 1 mm. A. Medial view of the left pectoral fin (16 rays) of M. notius (TU 9775, 
107.4 mm SL) after removal of the adductor muscles. Anterior is to the right. B. Medial 
view of the left pectoral fin (17 rays) of M. notius (UF 57323, 187.6 mm SL) after 
removal of the adductor muscles. Anterior is to the right. C. Medial view of the right 
pectoral fin (17 rays) of M. notius (UF 57323, 187.6 mm SL) after removal of the 
adductor muscles. Anterior is to the left. Abbreviations: r – ray number; as in Figures 
V.14 and V.15. 
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from the adductor radialis at its origin but then grades to varying degrees with the main 
adductor mass. A tendon of the slip inserts on the last fin ray and is generally either 
posteriorly (if from radial 4) or laterally (if from the coracoid) displaced relative to 
tendons from the adductor radialis although it passes into the main mass prior to insertion 
in L. gibbosus (ROM 82439). 
 
Coracoradialis 
Fibers originate from the coracoid near its deepest indentation and attach 
tendinously to a process on the ventromedial face of radial 4 in M. treculii (OSUM 
105227, ROM 1784CS). This process occurs distally at approximately one-third the 
length of radial 4 and is not observed in other dissected centrarchids. The muscle is 
lateral to the adductor profundus and medial to a translucent connective sheet between 
radial 4 and the coracoid. These two specimens of M. treculii are the largest black bass (> 
250 mm SL) dissected and originate from hatchery ponds (G. Garrett, pers. comm.). 
Fibers in this same orientation are present in M. d. dolomieu [OSUM 102599 (L), 173.2 
mm SL; ROM 82437 (R), 133.2 mm SL] but attach proximally on the ventromedial 
surface of the fourth radial in the absence of a process.  
 
Muscles of the Pelvic Fin 
 The pelvic fin contains one spine and five rays. The rays are numbered from 1-5 
with ray 1 adjacent to the spine and ray 5 being the most medial. Only M. s. salmoides 
(ROM 1780CS) deviated from this pattern with a pelvic fin of I4 (bilaterally).  
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Abductor superficialis pelvicus (AbdSP, Fig. V.17). 
 The abductor superficialis pelvicus originates on the abductor profundus pelvicus, 
posterior end of the basipterygium, and a mid-ventral septum where it joins its antimere. 
It grades to varying degrees with the abductor profundus pelvicus, but the two muscles 
are most easily separable posteriorly. The muscle extends ~50-60% of the pelvic length 
and inserts via an undifferentiated tendinous sheet to the spine and all rays on the anterior 
surface of their medially directed, basal flanges. Hypaxial fibers attach to this muscle via 
myocommata and complete separation of the two muscles is very difficult. 
 
Abductor profundus pelvicus (AbdPP, Fig. V.17). 
 This long muscle originates on the basipterygium and mid-ventral septum and 
extends ~80% of the pelvic length. The insertion is tendinous on the dorsal surfaces of 
the five rays but not the spine.  
 
Arrector ventralis pelvicus (ArrVP, Fig. V.17). 
 This muscle originates on the ventral side of the pelvis, lateral to the abductor 
profundus pelvicus, although some fibers may extend medially onto it. The arrector 
ventral pelvicus extends to the anterior end of the pelvis but not beyond it. Insertion is 
tendinous on the proximal, ventral surface of the spine. 
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Figure V.17. Pelvic fin musculature of M. s salmoides (ROM 82446, 153.2 mm SL). 
Anterior is to the left. Scale bar = 5 mm. A. Dorsal view of the pelvis. The left antimeres 
of the extensor proprius and adductor superficialis pelvicus have been removed. B. 
Ventral view of the pelvis. The left abductor superficialis pelvicus antimere has been 
removed. C. Left, lateral view of the pelvis including the ventral tip of the left cleithrum. 
Abbreviations: AbdPP – abductor profundus pelvicus; AbdSP – abductor superficialis 
pelvicus; AddPP – adductor profundus pelvicus; AddSP – adductor superficialis pelvicus; 
ArrDP – arrector dorsalis pelvicus; ArrVP – arrector ventralis pelvicus; ExtP – extensor 
proprius; Hyp – hypaxialis; ICA – infracarinalis anterior; ICM – infracarinalis medialis; 
spine – pelvic spine; as in Figures V.14 and V.16. 
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Adductor superficialis pelvicus (AddSP, Fig. V.17). 
 This muscle originates on the dorsal side of the adductor profundus pelvicus and 
basipterygium near the posterior pelvic process. Antimeres converge at the midline but 
are not in contact; the muscle extends ~75% of the pelvic length. Tendons insert on the 
anterior faces of the medially directed flanges of the spine and first four rays. The fifth 
ray does not possess a medially directed flange and consequently is not served by the 
adductor superficialis pelvicus.   
 
Adductor profundus pelvicus (AddPP, Fig. V.17). 
 This long muscle originates on the basipterygium and extends to the anterior tip 
of the pelvis but not beyond it. The tendons form a continuous sheet that attaches to the 
anterior surfaces of the five rays. This attachment site is ventral to that of the adductor 
superficialis pelvicus.  
 
Arrector dorsalis pelvicus (ArrDP, Fig. V.17). 
 The arrector dorsalis pelvicus originates on the lateral side of the basipterygium. 
Posteriorly the bundle sits in a well-defined bony groove of the basipterygium. Fibers 
may extend ventrally onto the arrector ventralis pelvicus. It extends anteriorly ~75% of 
the pelvic length. A large tendon inserts on the proximal, lateral surface of the spine. 
 
Extensor proprius (ExtP, Fig. V.17). 
 This small, but well-developed muscle originates on the adductor superficialis and 
profundus pelvicus with fascia extending laterally to the basipterygium. Insertion is on 
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the dorsal, distal surface of ray 5, where a small tuberosity is present. Micropterus coosae 
(OSUM 105229) and M. treculii (ROM 1784CS) each possess one bundle that attaches to 
rays 4 and 5, while its antimere attaches to ray 5. The extensor proprius inserts on ray 4 
bilaterally in M. s. salmoides (ROM 1780CS) which has only four fin rays.  
 
Muscles of the Caudal Fin 
 There are 17 principal caudal rays in black bass; nine dorsal and eight ventral to 
the midline. The outermost principal caudal rays are segmented and unbranched 
(Schultze & Arratia 1989).  These rays are numbered sequentially beginning at the 
midline, with those dorsal and ventral to the midline denoted “D” and “V” respectively. 
Thus, “V6” is the sixth principal caudal ray ventral to the midline. Along the dorsal and 
ventral margins of the caudal fin are a variable number of procurrent rays which may be 
segmented but are unbranched (Schultze & Arratia 1989). The caudal fin of Micropterus 
species is typically composed of three epurals, two uroneurals, and five autogenous 
hypurals. The ural complex (pU1 and caudal centra) is ossified and fused as a single 
entity. Vertebrae anterior to the ural complex are denoted “pU#” starting with pU2 and 
sequentially numbered anteriorly. The neural spine of pU2 is short. Cartilaginous distal 
radials lie distal to the neural and hemal spines of pU3-pU4 or pU4-pU5 and anterior to 
the procurrent caudal rays. The adductor dorsalis is absent in all species observed.  
 
Interradialis (IntRad, Fig. V.18). 
 The interradialis originates and inserts on caudal rays and usually overlaps several 
fin rays. These bundles span from V8 to D8 or D9. In addition, separate bundles occur 
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between D9-10 and D8-10. At the middle of the fin, fibers originate from a single 
attachment site on V1 proximally and insert broadly along the ventral side of D1. 
Medially this arrangement is reversed with fibers originating on D1 and fanning onto V1.  
 
Hypochordal longitudinalis (HL, Fig. V.18. Table XI). 
 This muscle is asymmetrical and originates on the ural complex, hypurapophysis, 
head of the hypural, hypural plates 1-3, and in some specimens on the centrum of pU2. 
Insertion is tendinous on a variable number of fin rays (Table XI). With two exceptions 
(M. coosae, UF 86268; M. s. floridanus UMMZ 158634), the dorsalmost fin element is 
D9. The tendon serving D9 is the largest. The site of attachment is the anteroventral 
corner of the ventralmost fin ray, but the site moves distally on more dorsal fin rays. 
Often the tendon serving the ventralmost ray ‘hides’ against the posteromedial surface of 
the preceding tendon thus leading to erroneous observations. Removal of singular and 
minor variants reveals D5-9 as the generalized condition with M. s. floridanus and M. s. 
salmoides characterized by D6-9. 
 
Flexor dorsalis (FD, Fig. V.18). 
 The flexor dorsalis originates on the centra and neural spines of pU2-5, ural 
complex, epurals, uroneurals, hypural plates 4-5 and variably on hypural plate 3. 
Insertion is tendinous on the anterior ends of D1-8 with the insertion moving to the lateral 
surface at D8.  
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 Figure V.18. Left, lateral views of the caudal fin musculature. Anterior is to the left. 
Scale bar = 5 mm. A. M. coosae (UF 86268, 131.8 mm SL) after removal of the epaxialis 
and hypaxialis. Note that the flexor ventralis externus is missing and the dorsalmost 
insertion of the hypochordal longitudinalis is to the eighth ray dorsal of the lateral 
midline. B. M. p. punctulatus (OSUM 102598, 144.7 mm SL) after removal of the 
epaxialis and hypaxialis. The solid black line is a nerve. Abbreviations: d – dorsalmost 
caudal ray served by the hypochordal longitudinalis; FD – flexor dorsalis; FDS – flexor 
dorsalis superior; FV – flexor ventralis; FVE – flexor ventralis externus; FVI – flexor 
ventralis internus; HL – hypochordal longitudinalis; ICP – infracarinalis posterior; IntRad 
– interradialis; SCP – supracarinalis posterior; v – ventral caudal rays served by flexor 
ventralis externus. 
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 Tendons serving D7 and D8 become ‘stringy’, meaning that they appear to be 
comprised of multiple strands and therefore multiple insertion sites. On many specimens, 
two tendons appear to insert on D8. One tendon inserts medially in an orientation 
consistent with tendons of the flexor dorsalis, while a more distal and lateral insertional 
site is consistent with the flexor dorsalis superior. Under this interpretation, both the 
flexor dorsalis and flexor dorsalis superior insert on D8 in a majority of specimens. At 
times, a similar orientation is observed on D7.  
 
Flexor dorsalis superior (FDS, Fig. V.18). 
 The flexor dorsalis superior originates muscularly on the epurals, distal tip of 
neural spine pU3, and tendinously on distal radial at the tips of neural spines pU4 or pU5. 
This distal radial is serves as an attachment site for the supracarinalis posterior, but the 
two muscles are not continuous as the flexor dorsalis superior is removable largely 
without affecting the supracarinalis posterior. The flexor dorsalis and flexor dorsalis 
superior are graded. The most common insertion is on the dorsal, distal surfaces of D8-
D12 but may vary to either D8-D11 or D8-D13.  
 
Flexor ventralis (FV, Fig. V.18). 
 The flexor ventralis originates on the parhypural, hypurapophysis, ural complex, 
hypural plate 1, centra pU2-5, and hemal spines pU2-3. The centrum of pU5 and hemal 
spine of pU4 may variably be included. Insertion is on the anterior faces of V1-8 with the 
site moving anterodorsally from V1 to V8. 
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Flexor ventralis inferior (FVI, Fig. V.18). 
 This muscle is chevron shaped and separable from the flexor ventralis. Origin of 
the dorsal arm includes hemal spines pU2-3 while the ventral arm originates on the distal 
tip of hemal spine pU4 and distal radials between hemal spines pU3-pU4 or pU4-pU5. 
The infracarinalis posterior also attaches to this distal radial where some fibers may grade 
with the flexor ventralis inferior. The most common insertion is on the ventrodistal 
surfaces of V9-11 but may vary to either V9-V10 or V9-V12.  
 
Flexor ventralis externus (FVE, Fig. V.18. Table XI). 
 This small slip of a muscle originates on a combination of centra pU3-5 and 
hemal spines of pU2-3. Posteriorly, fibers disappear into an aponeurosis which yields 
long and slender tendons that insert on a variable number of caudal fin rays (Table XI). 
Often a single tendon will extend to a point between two adjacent fin rays thus appearing 
to insert on both rays. This pattern was interpreted as a single tendon which should serve 
a single ray, the dorsalmost of the two rays. The flexor ventralis externus grades with the 
hypaxialis in M. p. punctulatus (OSUM 102599) and the flexor ventralis in M. s. 
salmoides (ROM 82446, 219.4 mm). In both instances, their respective insertions remain 
distinct. Micropterus coosae (UF 86268) is unique in lacking a flexor ventralis externus.    
 
Notes on other Features of the Soft Anatomy in Micropterus Species 
Pyloric Caecae (Fig. V.19). 
 Pyloric caecae are blind sacs that circle the intestine immediately below the 
stomach. They are assumed to increase retention time of food and therefore serve to 
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facilitate protein digestion and fat or carbohydrate absorption (Barrington 1957). The 
structure and numbers of caecae are variable among species and absent in other species 
(e.g. Cyprinidae). The number of caecae and the presence of branched caecae are not 
independent characters although they are described separately.  
 Micropterus s. floridanus and M. s. salmoides have predominantly branched 
caecae that occur variably along the length of the caecum. Frequently a caecum has 
multiple branches resulting in a single base having three, four, and in one instance, seven 
tips (M. s. salmoides, ROM 82446, 153.2 mm). The remaining species of Micropterus 
and other centrarchids have predominantly unbranched caecae. In the majority of these 
latter exceptions, adjacent branches share part of their walls and thus are caecae not 
completely separated from each other (M. coosae UF 89989, USNM 168075; M. d. 
dolomieu OSUM 102600, ROM 82436; M. p. punctulatus OSUM 102597).  
 M. s. floridanus and M. s. salmoides have the most caecae averaging 38.5 and 
27.9 respectively. The remaining species of Micropterus average 9.0 (treculii), 10.0 – 
10.8 (coosae, henshalli, punctulatus), 11.0 – 11.6 (cataractae, notius, velox), and 13.6 
(dolomieu) caecae. The single specimen of each outgroup species has eight (Pomoxis, 
Centrarchus), seven (Ambloplites, Lepomis gibbosus), or four (Lepomis cyanellus) caecae 
(Table XI). If branches are ignored, M. s. floridanus and M. s. salmoides average 14.0 
and 10.0 bases respectively and fall within the range of other Micropterus species. 
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Figure V.19. Branching patterns of the pyloric caecae. Scale bar = 5 mm. A. and B. Two 
observed patterns of branching in M. s. floridanus (UMMZ 158634, 128.8 mm SL). C. M. 
cataractae (UMMZ 168752, 102.8 mm SL) has 12 single caecae surrounding the 
stomach. The intestine has not been included.   
 
 
Nasal rosette (Figs.V. 20, V.21. Table XI).  
The nasal rosette consists of a number of folds in the nasal epithelium arranged 
above and below the longitudinal axis of the nasal cavity, with a single fold at the 
posterior end of this axis. This arrangement results in an odd number of folds with an 
equal number of folds above and below the longitudinal axis. ‘Folds’ and ‘ridges’ were 
differentiated based on their flexibility. A fold is defined as flexible piece of tissue that 
‘flops’ when pushed with a probe, whereas a ridge is immobile resembling a speed bump. 
Folds are always posterior to ridges. The fold is simple, not crenulated, such that a cross-
section resembled a keyhole. In the notation below, the number of folds precedes the  
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Figure V.20. Left, lateral view of the nasal rosette. Dotted line indicates the extent of the 
nasal capsule. Scale bar = 1 mm. A. M. coosae (UF 86268, 131.8 mm SL). Pattern 
notation is 4:0/1/3:0 as described in Table XI. B. M. notius (UF 58761, 131.8 mm SL). 
Pattern notation is 4:0/1/4:0.  
 
number of ridges and is separated by a colon. A backslash on either side of “1” represents 
the single fold along the horizontal axis. The number of folds and ridges ventral of the 
axis follows in a format consistent with the number of dorsal structures (Table XI). For 
example, the rosette pattern “4:1/1/3:2” has 11 structures in total. Dorsal to the axis are 
four folds and a single ridge, followed by a single fold parallel to the longitudinal axis. 
Three folds and two ridges are ventral to the axis. 
 Rosette size and the number of elements within the rosette increase with standard 
length. Variation in standard length explained 47% and 20% of the variation in the 
number of rosette elements for outgroup and ingroup species respectively (Fig. V.21A). 
Analysis by ingroup species resulted in five clusters of species (Fig. V.21B). The positive 
relationship between standard length and the number of rosette elements is supported by 
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observations that smaller (ridges) and ‘missing’ elements (denoted by appropriate spaces) 
are found at the anterior end of the rosette. Posterior elements (folds) are always larger 
and thus presumably older than more anterior elements (ridges). In instances of 
asymmetry above and below the longitudinal axis, elements on the dorsal side of the 
longitudinal axis are either more numerous or more developed than elements below the 
longitudinal axis.  
 
 
 
 
Figure V.21. A. Scatterplot of the average number of rosette structures (folds and ridges) 
per specimen against standard length for Micropterus species (filled circles, solid line) 
and outgroups (open circles, dashed line). B. Scatterplot of the average number of rosette 
structures per specimen against standard length for each Micropterus and outgroup 
species. Subspecies have not been differentiated. Lines of best fit have been forced 
through the origin. Abbreviations: C – M. cataractae; D – M. dolomieu; N – M. notius; O 
– M. coosae; P – M. punctulatus; S – M. salmoides; T – M. treculii. 
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DISCUSSION 
 
Myological Notes 
 Myological descriptions of Micropterus are consistent with the conditions of other 
teleosts (Winterbottom 1974a) and specific observations of the dorsal branchial arch 
muscles in M. dolomieu (Springer & Johnson 2004). A “universal division” (Wu & Shen 
2004) of the adductor mandibulae originates from the hyomandibula and palatal arch and 
passes lateral to ramus mandibularis V (RMV) to insert on the Meckelian fossa and a 
shared myocommatum with Aω. Wu & Shen (2004) identify this section as A2β and 
synonymize it with A2β of Winterbottom (1974a) and A2-A3 of Gosline (1989). The A3 
division described herein is the universal division, and the graded A1–A2 section is the 
A1-A2α bundle sensu Wu and Shen (2004). The presence of an A1-A2α bundle with 
autonomous divisions of A2β and Aω in the absence of A3 appears to be a general 
characteristic of Perciformes (Wu & Shen 2004).  
Divisions of the adductor mandibulae have come under recent scrutiny in an effort 
to determine the reliability of the course of RMV. One school notes that the path of RMV 
through divisions of the adductor mandibulae is variable and phylogenetically 
uninformative (Edgeworth 1935; Winterbottom 1974a; Gill & Mooi 1993). An opposing 
view suggests that the path of RMV may be phylogenetically informative (Gosline 1989; 
Diogo & Chardon 2000; Nakae & Sasaki 2004; Wu & Shen 2004), with the primary 
obstacle to robust interpretations being comparisons among non-homologous divisions of 
the adductor mandibulae. This latter opinion implies that if the problem of non-homology 
among divisions of the adductor mandibulae is resolved, the path of the RMV would 
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likely contain a recoverable phylogenetic signal (Gosline 1989). Evolutionary models 
explaining the origin and pattern of division of the adductor mandibulae were then 
developed (Gosline 1986, 1989; Diogo & Chardon 2000; Wu & Shen 2004). However, 
such explanations are based on the a priori premise that the course of the RMV is a valid 
taxonomic character. While it is highly probable that nerves, and their paths, retain a 
phylogenetic signal, we seek to avoid the circularity of employing the path of RMV to 
identify divisions of the adductor mandibulae. An ontogenetic analysis of the adductor 
mandibulae may resolve this dilemma and inform the larger issue of using nerves to 
identify muscles.    
 
Myological Variants 
Black bass display all four classes of myological variation: minor, incongruous, 
singular, and mimicking. Minor variants are slight differences in the size, shape, or 
position of the muscle arising from a variety of factors including biological (specimen 
health, age, sex, etc.) and non-biological (storage, preservation) effects. Examples include 
variable lengths of the pelvic adductors and abductors and the variable origin of the 
adductor hyomandibulae on the prootic, the pterotic, or both bones due to the fimbricate 
suture between them. By describing the generalized condition of a species, minor variants 
are necessarily excluded. 
Incongruous variants result in nonfunctional muscles and include cases of absent 
muscles normally present or shifted insertions, which have negated the original function 
of the muscle. The sole example of a muscle absent in a specimen was the flexor ventralis 
externus (caudal fin, M. coosae, UF 86268). 
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Singular variants are atypical and unique to a given specimen. Examples from 
centrarchids include three bundles of rectus ventralis IV (ventral branchial arches) either 
all serving the U-shaped ligament (M. treculii, ROM 1784CS) or the U-shaped ligament 
and cupula (Centrarchus macropterus, UMMZ 164961) and the shared origin of the 
flexor ventralis externus (caudal fin) with either the flexor ventralis (M. s. salmoides, 
ROM 82446, 219.4 mm SL) or the hypaxialis (M. p. punctulatus, OSUM 102597). 
Presumably these muscles retain their original functions despite an altered insertion or 
origin. 
Polymorphic states of the adductor radialis (pectoral fin), hypochordal 
longitudinalis (caudal fin), and flexor ventralis externus (caudal fin) are a result of 
mimicking variants which atypically resemble the usual condition of another species. 
Identifying the cause of this variation is problematic but it could result in part from 
fluctuating developmental conditions or phenotypic plasticity induced by locomotory 
differences between individuals. While some variation may be the result of dissection 
errors, safeguards against observer bias were employed. A random dissection order and 
independent dissections of the bilateral elements in the same individual suggest that intra-
individual, intraspecific, and interspecific variation is considerable in black bass.  
A fifth, and rare, trait-category characterized by a high frequency of diverse 
morphologies is “explosive” variation (Raikow et al. 1990). The breadth of variation in 
the adductor radialis (pectoral fin) might be considered explosive and likely results from 
a combination of mimicking and singular variants. In addition, an unexplained 
compensatory mechanism exists whereby the number of pectoral rays served by the 
muscle co-varies with the number of fin rays present, even within the same specimen. If 
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meristic variation such as the number of fin rays can influence the number of insertion 
sites, a similar pattern between muscles and other serial bony elements might be 
expected. The extensor proprius (pelvic fin) inserts on the medialmost ray, which is 
usually the fifth ray in black bass; however, it can insert on the fourth ray in the absence 
of the fifth ray (M. s. salmoides, ROM 1780CS).  
Finally, specimens possessing one incongruous or singular variant often possessed 
a second or third variant. Why variants accumulate in some individuals is not clear, but a 
variety of intrinsic (genetics, life history, body size – Billerbeck et al. 1997, McDowall 
2003) and extrinsic (fluctuating environmental conditions – e.g., Gabriel 1944, Hubbs 
1959) factors experienced during development are long known to affect the meristics of 
serial bony elements. For instance, an increase in vertebrae but a decrease in anal fin rays 
is attributed to colder water temperatures experienced by larval M. p. punctulatus at two 
of nine locations in the Ohio River (Bryan 1969). Observations from the present study 
suggest that co-variation in the number of fin rays and the number of insertion sites 
occurs in the adductor radialis (pectoral fin) and the extensor proprius (pelvic fin). For 
example, bilateral differences in the number of pectoral fin rays occurred in seven 
specimens, and in six of those the number of rays served by the adductor radialis 
increased as the number of fin rays increased. If environmental conditions affect meristic 
variation and myological variation is tied to the meristic counts of fins and vertebrae, for 
instance, then fluctuating environments may also contribute to myological variation. This 
line of reasoning is in contrast to Raikow et al. (1990, p. 367), who asserted “that neither 
sexual difference nor individual developmental instability contributes substantially to 
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intraspecific myological variation” in passerine birds (emphasis added). How much 
variation constitutes “substantial” variation is not clear.   
 
Macroevolutionary Patterns 
 Micropterus species share a remarkably uniform external morphology 
characterized by a fusiform body, large mouth, and posterior extension of the median 
fins. Myologically they display minor variation of the cheek, jaws, branchial and hyoid 
complexes and slightly more variation in the pectoral and caudal fin complexes. 
Additionally, Jayne and Lauder (1994) found M. salmoides had the least variation in the 
linear dimensions of the myoseptal system relative to one species each of Lepomis, 
Pomoxis, and Ambloplites. Ecologically, black bass are ram feeders of elusive prey such 
as fishes and crayfishes. Biogeographically, black bass and their sister group Lepomis 
(Near et al. 2005) occupy most of the same drainages, but Lepomis is more diverse in the 
Mississippi basin whereas Micropterus is more diverse along the Gulf Coast and 
southeastern Atlantic drainages where M. cataractae, M. coosae, M. notius, M. p. 
henshalli, and M. s. floridanus are restricted. Geographical outliers include M. treculii of 
the Guadalupe River basin in Texas and M. d. velox of the Neosho River and tributaries 
of the Arkansas River on the western slope of the Ozark Plateau (Koppelman & Garrett 
2002). The remaining species of black bass are distributed from the southern USA, 
northward into the Ohio River basin (M. p. punctulatus) and Great Lakes including 
Ontario and Quebec (M. d. dolomieu, M. s. salmoides) (Scott & Crossman 1973; Lee et 
al. 1980; Trautman 1981). 
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 Studies of ecological morphology have concluded that a strong relationship exists 
between feeding anatomy and diet among fish guilds (e.g., Wainwright & Lauder 1992; 
Wainwright & Richard 1995), although the absence of a direct one-to-one correlation 
between morphology and function has been noted (Norton 1995; Wainwright et al. 2005; 
Collar & Wainwright 2006; Dean et al. 2007). A fuller appreciation of the evolution of 
the family Centrarchidae requires a consideration of the stasis exhibited by one major 
lineage, Micropterus, in comparison to the ecological and morphological variation 
exhibited by its sister lineage, Lepomis, which likely diverged from each other about 25 
mya (Near et al. 2005). 
 The conservatism in Micropterus stands in contrast to the morphological diversity 
of the 12 species of Lepomis, which are primarily suction feeders on a range of sedentary 
to elusive and soft-bodied to hard-bodied prey (Collar et al. 2005). Comparison of the 
relationship between diet and morphological diversity in Micropterus and Lepomis 
supports the assertion that highly diverse diets across Lepomis spp. are correlated to 
changes in those elements of the skull, jaws, and suspensorium related to food acquisition 
(Lauder 1983; Wainwright & Lauder 1992; Wainwright & Shaw 1999; Collar et al. 
2005). The higher rate of evolution in Lepomis (Collar et al. 2005) is driven in part by 
diet or habitat specialization resulting in differential biomechanical efficiencies and is 
evidence of natural selection acting in a directional manner (Ehlinger 1990; Cutwa & 
Turingan 2000 and references therein; Thorsen & Westneat 2005; Wintzer & Motta 2005 
and references therein; Higham 2007). 
 The high degree of myological and overall morphological stasis among 
Micropterus species indicates natural selection has been stabilizing, not directional, and 
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suggests that speciation in this lineage is driven not by ecological specialization but more 
probably by vicariant events, a conclusion also arrived at by Near et al. (2003). At least in 
this taxonomic example, speciation events in a static lineage may retain a clearer signal 
of vicariant geological events when compared to a more speciose lineage whose 
cladogenesis results from a mixture of ecological, behavioral, and life history 
specialization as well as vicariance. 
 The majority of speciation events in Micropterus occur during great topographic 
and climatic change during the Cenozoic of North America (Near et al. 2003, 2005). 
Warm, tropical temperatures with minimal latitudinal variation in the Eocene gave way to 
more modern conditions of cooler temperatures (drop of mean annual temperature 8.2 ± 
3.1 °C, Zanazzi et al. 2007), and seasonal and latitudinal variation in the Oligocene across 
central North America (Prothero et al. 2003). The early Miocene (23-17 mya) witnessed 
large-scale changes in the size of the Antarctic ice sheet (Pekar & DeConto 2006). The 
cooling phase was marked by Antarctic ice sheet expansion during the middle Miocene 
(~14 mya, Holbourn et al. 2005) and subsequent sea level fluctuations as the Antarctic ice 
sheet waxed and waned. The timing of late Miocene-early Pliocene sea fluctuations is 
consistent with the majority of speciation events in Micropterus that are dated to this time 
period (Near et al. 2003, 2005). Fluctuating sea levels may have produced vicariant 
isolation events at watershed levels. Stabilizing selection resulting in conservative black 
bass morphology and ecology is reflective of a stable river habitat during the late 
Miocene and early Pliocene. Other morphologically static perciform groups such as 
moronids and non-darter percids may also be reliable identifiers of historical geological 
events that resulted in allopatric speciation during this time. 
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An alternative hypothesis leading to an increased rate of speciation in 
Micropterus, and consequently other lineages of North American freshwater fishes, is 
secondary effects of the tremendous uplift of the Colorado Plateau in Western North 
America. During the Miocene, Colorado Plateau uplift began about 20 mya and formed 
the Colorado River less than 6 mya (Dorsey et al. 2007). The large western uplift of the 
Colorado Plateau may have resulted in a much lesser but still significant uplift in eastern 
North America (i.e., exhumation of the Appalachians during the Miocene-Pliocene), with 
the effect of entrenching some established eastern river systems (eg., the Susquehenna, 
New River, Green and Cumberland systems), and isolating other drainages along the Gulf 
Coast and Atlantic. An explanation of eastern North American uplift in the Mio-Pliocene, 
although speculative, is consistent with the phylogenies of Catostomidae, Ictaluridae, and 
Percidae where members of basal lineages (Carpiodes, Ictiobus in Catostomidae, Harris 
& Mayden 2001; Ictalurus and Pylodictis in Ictaluridae, Sullivan et al. 2006; Perca in 
Percidae, Wiley 1992) are lower gradient, large river or more lacustrine than derived 
lineages which occupy higher gradient habitats. The current habitats occupied by 
Micropterus, moderate-sized rivers of moderate to higher gradient, suggest it would be 
subject to the selective pressure generated by uplift.  
 
Phylogenetic Utility 
Within the context of this study, muscle complexes in the caudal and pectoral fins 
exhibit the greatest variation while complexes of the branchial gill arches, cheeks, and 
pelvic fin are static. The high frequency of mimicking variants in the caudal and pectoral 
fins necessitates the use of alternative coding methods to incorporate intraspecifically 
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polymorphic characters into phylogenetic analyses (e.g., Wiens & Servedio 1997; Wiens 
1999, 2001). Overall, the paucity of myological characters suitable for phylogenetic 
analysis at low taxonomic levels, including Micropterus, and their relative rarity 
compared to osteological characters at these same taxonomic levels is a generally 
supported tenet (Kesner 1994 and references therein; Borden 1998; Diogo 2004). 
However, across higher taxonomic levels, these five muscle systems (cheek, branchial 
gill arches, paired fins, caudal fin) are evolutionarily stable complexes that provide 
numerous myological characters suitable for comparative and systematic analyses of 
teleosts and perciforms. Higher taxonomic levels usually circumscribe greater ecological 
diversity, which may yield greater anatomical diversity.  
Rightly or wrongly, static lineages are often considered to be generalized starting 
points when examining ecological, trophic, or morphological diversity within a larger 
clade. This perception explains in part why generalized species (i.e., members of static 
lineages) are often selected as outgroups to polarize character transformation series in 
phylogenetic analyses. Certainly, the interest and attention of many investigators are 
drawn to diverse and speciose groups where hypotheses of ecologically-driven 
divergence mechanisms are possible to test, but static lineages resulting from stabilizing 
selection give a different but equally valuable perspective into the study of evolutionary 
mechanisms.  
Because static lineages are difficult to resolve phylogenetically at low taxonomic 
levels using morphology, their most efficient application in systematics may be at 
unraveling higher-level relationships. Conversely, diverse lineages may have higher 
resolution at lower taxonomic levels but the use of species with specialized morphologies 
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to serve as outgroups or exemplars of clades in higher-level systematics may introduce 
unintended biases into analyses. Systematists wishing to incorporate myology, and 
morphology more generally, into macroevolutionary studies at low taxonomic levels 
might estimate the relative cost in time and effort of muscle dissections by assessing the 
ecological diversity of the ingroup. A cost-benefit assessment a priori may yield more 
efficient systematic research, although ultimately it is the distribution of character states 
that is more relevant than the number of characters (Kesner 1994).  
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 Table XI. Variation in the insertion sites of three striated muscles: adductor radialis (pectoral fin), hypochordal longitudinalis and 
flexor ventralis externus (caudal fin); number of caecae; and nasal rosette in Micropterus and centrarchid species. Standard length 
(mm) follows the catalogue number for specimens from the same lot. “L” and “R” refer to the left and right sides of the specimen 
respectively. “N/A” indicates damage to the musculature or clearing and staining prior to dissection. Adductor radialis: A dash 
separates the number of pectoral fin rays from the number of fin rays served. An asterisk following the number of pectoral fin rays 
indicates that the last fin ray is a rudiment. Hypochordal longitudinalis, flexor ventralis externus: “D” or “V” refers to caudal fin rays 
dorsal or ventral to the lateral midline respectively; fin rays are numbered sequentially in either direction from the midline. Rosette: 
Rosette notation describes the number of folds (movable flaps of epithelium) and ridges (immobile flaps) dorsal and ventral of a 
longitudinal axis. At the posterior end of the longitudinal axis, a single fold is always present and is denoted “/1/”. The number of 
folds is separated from the number of ridges by a colon. Elements dorsal of the longitudinal axis are left of “/1/” while elements 
ventral of the axis are right of “/1/”. For example, “4:2/1/4:1” indicates 12 rosette elements. Four folds and two ridges are present 
dorsal to the longitudinal axis, followed by a single fold at the posterior end of the axis, and four folds and one ridge ventral to the 
axis. Ridges always occurred anterior to folds. 
 
 
 
 
Species and  
Catalogue Number 
Adductor 
Radialis 
Hypochordal 
Longitudinalis 
Flexor Ventralis 
Externus 
No. of 
Caecae 
Rosette 
Formula 
No. of Rosette 
Elements 
 L R L R L R  L R L R 
 
M. cataractae        
    
   ROM 82445 
   UMMZ 168752 
16 - 4 16 - 4 D 5-9 D 4-9 V 1-2 V 1-2 10 5:1/1/5:1 4:2/1/4:1 13 12 
16 - 4 16 - 3 D 5-9 D 5-9 V 1-2 V 1-2 12 3:0/1/2:0 N/A 6 N/A 
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 Species and  
Catalogue Number 
Adductor 
Radialis 
Hypochordal 
Longitudinalis 
Flexor Ventralis 
Externus 
No. of 
Caecae 
Rosette 
Formula 
No. of Rosette 
 L R L R L R  L R L 
Elements 
R 
            
M. coosae            
   OSUM 105229 
   ROM 82449 
   ROM 82450 
   UF 86268 
   UF 86313 
   UF 89989 
   USNM 168075 
16 - 4 16 - 4 D 4-9 D 5-9 V 1-2 V 1-2 10 3:0/1/3:0 2:1/1/2:1 7 7 
15 - 3 15 - 3 D 5-9 D 5-9 V 1-2 V 1-2 10 3:0/1/3:0 3:0/1/3:0 7 7 
15 - 3 15 - 3 D 6-9 D 4-9 V 1-2 V 1-2 9 3:0/1/2:1 3:0/1/3:0 7 7 
15 - 4 15 - 4 D 3-8 D 3-8 absent absent 10 4:0/1/3:0 4:0/1/3:0 8 8 
16 - 4 16 - 3 D 5-9 D 5-9 V 1-2 V 1-2 8 4:0/1/3:1 4:0/1/3:1 9 9 
N/A - 5  N/A - 4 D 5-9 N/A V 1 V 1-2 13 N/A N/A N/A N/A 
14* - 3  16 - 4 D 5-9 D 3-9 V 1-3 V 1-2 11 3:1/1/3:1 3:1/1/3:1 9 9 
            
M. d. dolomieu            
   ROM 1783CS 
   ROM 82436 
   ROM 82437 
   OSUM 102599 
   OSUM 102600 
16 - 4 16 – 4 D 6-9 D 5-9 V 1-2 V 1-2 16 N/A N/A N/A N/A 
16 - 4 16 – 3 D 4-9 D 4-9 V 1-2 V 1-2 14  6:0/1/5:0 6:0/1/5:0 12 12  
16 - 4 17 – 5 D 6-9 D 5-9 V 1-2 V 1-2 12 4:0/1/4:0 3:1/1/3:1 9 9 
16 - 4 16 - 4 D 4-9 D 4-9 V 1-2 V 1-2 12 5:0/1/5:0 4:1/1/2:0 11 8 
16 - 4 16 - 4 D 5-9 D 5-9 V 1-2 V 1-2 14 4:0/1/4:1 4:1/1/3:2 10 11 
            
M. d. velox            
   USNM 116802 
   USNM 128680 
17 - 4 17 - 4 D 3-9 D 4-9 V 1-2 V 1-2 10 3:0/1/2:1 3:1/1/2:1 7 8 
16 - 4 16 – 4 D 5-9 D 5-9 V 1-2 V 1-2 12 3:1/1/3:0 3:0/1/3:0 8 7 
            
M. notius            
   UF 57323 
   UF 58761 (131.8) 
   UF 58761 (145.2) 
   TU 9775 (107.4) 
   TU 9775 (152.3) 
17 - 5 17 - 6 D 5-9 D 5-9 V 1-2 V 1-2 11  2:0/1/2:0 2:0/1/1:1 5 5 
17 - 4 17 - 4 D 5-9 D 5-9 V 1-2 V 1-2 12 4:0/1/4:0 5:0/1/4:1 9 11 
16 - 5 16 - 5 D 5-9 D 5-9 V 1-2 V 1-2 11 4:1/1/4:0 4:1/1/4:1 10 11 
16 - 5 16 - 5 D 5-9 D 6-9 V 1-2 V 1-2 12 1:0/1/1:0 1:0/1/1:0 3 3 
16 - 5 16 - 4 D 6-9 D 5-9 V 1-2 V 1-2 12 1:0/1/1:0 N/A 3 N/A 
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 Species and  
Catalogue Number 
Adductor 
Radialis 
Hypochordal 
Longitudinalis 
Flexor Ventralis 
Externus 
No. of 
Caecae 
Rosette 
Formula 
No. of Rosette 
 L R L R L R  L R L 
Elements 
R 
            
M. p. punctulatus            
   OSUM 102597 
   OSUM 102598 
   USNM 251991 (95.4)  
   USNM 251991 (88.0) 
15 - 4 15 - 3 D 5-9 D 5-9 V 1-2 see text 11 4:0/1/4:0 4:0/1/3:1 9 9 
15 - 3 15 - 4 D 3-9 D 3-9 V 1-2 V 1-2 11 5:0/1/4:1 6:0/1/5:0 11 12 
14 - 2 15 - 3 D 5-9 D 5-9 V 1-2 N/A 11 N/A N/A N/A N/A 
15 - 4 14 - 3 D 5-9 D 5-9 V 1-2 V 1-2 10 3:0/1/3:0 3:0/1/3:0 7 7 
            
M. p. henshalli            
   UAIC 10587.15 
   UAIC 12652.19 
16 - 4 16 - 4 D 5-9 D 5-9 V 1-2 V 1-2 10 6:0/1/5:0 5:0/1/5:0 12 11 
16 - 5 16 – 4 D 6-9 D 5-9 V 1-2 V 1 10 5:1/1/4:1 4:1/1/4:1 12 11 
            
M. s. floridanus            
   UMMZ 158634 
   UMMZ 163350 
15 - 4 15 - 4 D 6-9 D 5-8 V 1-2 V 1-2 37 2:1/1/2:1 2:0/1/2:1 7 6 
15 - 4 15 - 4 D 6-9 D 5-9 V 1-2 V 1-2 40 3:1/1/4:0 4:0/1/4:0 9 9 
            
M. s. salmoides            
   ROM 1780CS 
   ROM 1781CS 
   ROM 1782CS 
   ROM 82435 
   ROM 82446 (153.2) 
   ROM 82446 (173.0) 
   ROM 82446 (214.4) 
   ROM 82446 (219.4) 
14 - 3 15 - 4 D 6-9 N/A V 1-2 V 1-2 26 N/A N/A N/A N/A 
15 - 4 15 - N/A D 6-9 N/A V 1-2 N/A 29 N/A N/A N/A N/A 
14 - N/A 14 - 3 D 6-9 D 6-9 V 1-2 N/A 23 N/A N/A N/A N/A 
15 - 4 15 - 4 D 6-9 D 5-9 V 1 V 1 33 4:0/1/4:0 4:0/1/3:0 9 8 
15 - 3 14 - 2 D 6-9 D 6-9 V 1-2 V 1 30 N/A 3:1/1/3:1 N/A 9 
14 - 3 15 - 4 D 6-9 D 6-9 V 1 V 1 31 4:0/1/3:1 N/A 9 N/A 
15 - 3 16 - 4 D 6-9 D 6-9 V 1 V 1-2 24 4:1/1/3:1 3:0/1/4:0 10 8 
14* - 3 14 - 4 D 6-9 D 6-9 N/A N/A 27 4:1/1/3:1 3:1/1/3:1 10 9 
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Species and  
Catalogue Number 
Adductor 
Radialis 
Hypochordal 
Longitudinalis 
Flexor Ventralis 
Externus 
No. of 
Caecae 
Rosette 
Formula 
No. of Rosette 
 L R L R L R  L R L 
Elements 
R 
 
M. treculii            
   OSUM 105227 
   ROM 1784CS 
   UMMZ 136849 
   UMMZ 220247 
14 - 4 15 – 5 D 4-9 D 5-9 N/A N/A N/A 4:0/1/4:0 N/A 9 N/A 
15 - 4 15 - 4 D 4-9 D 4-9 N/A V 1-2 N/A N/A 5:0/1/5:0 N/A 11 
16 – 4 16 – 5 D 3-9 D 3-9 V 1-3 V 1-3 9 N/A 3:0/1/2:1 N/A 7 
15 - 3 15 – 4 D 5-9 D 3-9 V 1-2 V 1-2 N/A 3:0/1/3:0 3:0/1/2:1 7 7 
            
A. ariommus            
   ROM 82444 14 - 4 15 - 4 D 4-9 D5-9 V 1-2 V 1-3 7 2:1/1/2:1 3:0/1/2:1 7 7 
C. macropterus            
   UMMZ 164961 13 – 3 13 - 3 D 5-9 D 5-9 V 1 V 1-2 8 4:1/1/4:1 6:0/1/5:0 11 12 
L. cyanellus            
   ROM 82438 13 – 3 13 - 3 D 5-9 D 5-9 V 1-2 V 1-2 4 3:0/1/2:1 2:2/1/2:1 7 8 
L. gibbosus            
   ROM 82439 13 – 2 13 - 3 D 5-9 D 5-9 V 1-3 V 1-3 7 2:2/1/3:1 4:0/1/2:1 9 8 
P. nigromaculatus            
   ROM 82440 14 – 3 14 - 4 D 7-9 D 6-9 V 1 V 1 8 4:1/1/4:0 4:1/1/4:1 10 11 
 
 
CHAPTER VI 
 
SUMMARY AND FUTURE RESEARCH 
 
Integration of Molecules and Morphology, Phylogeography and Biogeography 
 The pages within this dissertation have demonstrated the successful integration of 
molecules and morphology to study the evolutionary mechanisms that promote diversity. 
While either molecules or morphology may be better suited to address some questions and 
not others, their integration is complementary and yields a richer understanding of 
evolutionary history. This evolutionary history spans both temporal and spatial scales, from 
events associated with changes in geology and topography to population-level and 
generational phenomena. Their effect on each other is relevant to both since micro- and 
macroevolutionary processes are inter-related on a continuum as opposed to discrete sub-
disciplines.  
 
Phylogeography of Smallmouth Bass 
 Multiple evolutionary origins of smallmouth bass (Micropterus dolomieu) 
mitochondrial genomes were found throughout the Great Lakes and adjacent rivers. The 
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distribution of these phylogroups was not random. Populations in the upper Great Lakes 
(Superior, Michigan, northern Lake Huron) and the adjacent Mississippi and Illinois Rivers 
shared a common group of closely related mtDNA haplotypes. Populations in the lower 
Great Lakes (Ontario), Georgian Bay (northeastern Lake Huron), and the St. Lawrence River 
were dominated by a single haplotype of more recent origin than the western phylogroup. 
The geographically intermediate Great Lakes (southern Huron, Erie) were also genetically 
‘intermediate’ between the two former haplogroups as populations were comprised of 
multiple mitochondrial lineages.  
 Smallmouth bass appeared to enter the Great Lakes from several divergent 
populations located amongst more southerly refugia. Population relationships amongst these 
sites support the presence of the Teays River and its connection to the New River and 
subsequent colonization of the middle reaches of the Ohio River. Populations of the upper 
Wabash River have a genetic affinity with those in the Lake Erie watershed consistent with 
the presence of the Fort Wayne outlet of Lake Maumee. Populations in Georgian Bay, Lake 
Ontario, and St. Lawrence River were connected through the Kirkland outlet that cut across 
central Ontario. Niagara Falls then isolated the Lake Ontario and Lake Erie faunas. 
Populations in the upper and lower Wabash River were more similar to eastern than to 
western (Illinois and Mississippi Rivers) populations supporting a paleodrainage pattern of a 
Teays-Wabash system and not a Teays-Mahomet system. Populations in the Ouachita 
Highlands (i.e. Interior Highlands) were phylogenetic ancesters to other smallmouth bass 
haplotypes.  
 Multiple colonization routes into Lake Erie were responsible for the presence of 
admixed populations in a single lake. Within the lake, very little population structure was 
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detected suggesting either migration among sampling sites, little divergence among the 
different haplotypes present in the lake, and/or a recent time of colonization whereby lineage 
sorting is not yet complete. The relative lack of divergence among sites within Lake Erie was 
in stark contrast to the strong divergence between riverine and lacustrine populations, and 
among populations in adjacent river watersheds. The ecological distinctiveness of the lake 
and river habitats was more important in population divergence than distance within a single 
lake habitat.  
 This work has identified several points of interest that need further investigation. 
Firstly, the presence of multiple stocks within Lake Erie was suggested by the genetic 
divergence of potamodromous bass, which enter streams to spawn, from riverine bass. 
Migratory studies have previously indicated multiple stocks of smallmouth bass within a 
single lake system. Additional sampling of putative lake versus potamodromous stocks is 
required before this hypothesis can be addressed robustly. Secondly, populations within Lake 
Erie were tentatively identified and were associated with either large bays or islands. 
Additional sampling of these sites would provide beneficial information to better assess these 
assertions. Thirdly, phylogeographic patterns across North America raise tantalizing 
possibilities about the relationship between evolutionary and topographical history. For 
example, the relationship of the Wabash River populations to both the Illinois and Ohio 
River populations needs further study through additional sampling sites in order to 
reconstruct the paleo-connections amongst these three rivers. Sampling sites in putative 
basins of the upper-eastern Appalachian Mountains (Monongahela, Potomac, Shenandoah) 
and the western portion of the Eastern Highlands (Tennessee, Cumberland, Kentucky Rivers) 
are necessary to resolve basal relationships among haplotypes and clarify the origin of 
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several haplogroups that are present in the Great Lakes. Finally, the structure amongst the 
few sites within the Ouachita Mountains is a small window into the complex history of this 
region. This region not only holds a subspecies of smallmouth bass, but it is claimed to be the 
center of smallmouth bass diversity (Stark and Echelle 1998). Sites within the Ozark 
Mountains are integral to determine the evolutionary relationships between those populations 
in the more southern Ouachita Mountains and the more northerly Mississippi River basin.  
 
Comparative Myology of the Black Bass 
 Black bass (Micropterus, Centrarchidae) are relatively uniform in their ecologies, 
external anatomies, and consequently their internal anatomies as revealed by a comparative 
analysis of their striated muscles. This would suggest that incorporating a comparative 
analysis of their osteology with the objective of recovering their phylogenetic relationships 
may prove unsuccessful. However, the work has many useful applications including 
kinematics, functional and ecological morphology, and evolutionary mechanisms resulting in 
variable rates of evolution.  
 The brightest future for this type of comparative analysis may be its application to the 
higher-level systematics of fishes, particularly within the Perciformes and Percomorpha. 
Perciformes is the most numerous and diverse group of teleosts fishes that historically has 
been the taxonomic waste basket. While molecules are making significant inroads into 
unraveling some of these unresolved systematic relationships, detailed comparative analyses 
will remain crucial particularly in the inter-disciplinary field of ‘evo-devo’, evolutionary 
development.  
APPENDICES
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APPENDIX A 
 Allele frequencies of eight nDNA microsatellites by Lake Erie sampling 
site. Site abbreviations are: LPB – Long Point Bay, ON; VBB – Van 
Buren Bay, NY; CON – Conneaut, OH; ASH – Ashtabula, OH; PRY – 
Perry, OH; FHR – Fairport Harbor, OH; SDY – Sandusky Bay, OH; GEM 
– Gem Beach, OH; PCN – Port Clinton, OH; MBI – Middle Bass Island, 
OH; and SBI – South Bass Island, OH. Sites are plotted in Figure 1.  
 
 
             
  LPB VBB CON ASH PRY FHR SDY GEM PCN MBI SBI 
 Mdo2            
allele  1 0.029 ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- 
 2 0.721 0.750 0.500 1.000 0.808 0.833 0.675 0.760 0.815 0.750 0.812 
 3 0.015 ----- ----- ----- ----- ----- 0.025 ----- ----- ----- ----- 
 4 0.235 0.250 0.500 ----- 0.192 0.167 0.300 0.240 0.185 0.250 0.188 
 n 34 36 9 4 26 15 20 25 27 8 8 
             
 Mdo3            
 1 0.705 0.684 0.500 0.667 0.659 0.900 0.594 0.586 0.727 0.500 0.625 
 2 0.250 0.286 0.500 0.333 0.295 0.100 0.312 0.379 0.273 0.444 0.375 
 3 0.045 0.031 ----- ----- 0.045 ----- 0.094 0.034 ----- 0.056 ----- 
 n 22 49 4 3 22 5 16 29 22 9 8 
             
 Mdo5            
 1 ----- ----- ----- ----- ----- ----- 0.029 0.025 ----- ----- ----- 
 2 0.057 0.109 ----- 0.143 0.021 0.048 0.088 0.050 0.040 0.062 0.062 
 3 0.943 0.891 1.000 0.857 0.979 0.952 0.882 0.925 0.960 0.938 0.938 
 n 35 46 11 7 24 31 17 20 25 8 8 
             
 Mdo8            
 1 0.162 0.152 0.250 0.250 0.115 0.083 0.100 0.053 0.111 0.250 ----- 
 2 0.149 0.197 0.312 0.375 0.192 0.250 0.133 0.289 0.296 0.125 0.250 
 3 0.014 ----- 0.062 ----- ----- ----- 0.067 ----- 0.037 ----- ----- 
 4 0.527 0.409 0.250 0.250 0.519 0.500 0.533 0.474 0.407 0.375 0.583 
 5 0.122 0.121 ----- 0.125 0.096 0.083 0.067 0.132 0.111 0.188 0.167 
 6 ----- 0.030 0.062 ----- ----- ----- 0.033 ----- ----- 0.062 ----- 
 7 0.027 0.091 0.062 ----- 0.077 0.083 0.067 0.026 0.037 ----- ----- 
 8 ----- ----- ----- ----- ----- ----- ----- 0.026 ----- ----- ----- 
 n 37 33 8 4 26 12 15 19 27 8 6 
             
 Mdo9            
 1 ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- 0.045 
 2 0.110 0.478 0.364 0.429 0.350 0.393 0.556 0.393 0.346 0.200 0.455 
 3 0.024 0.033 ----- ----- ----- 0.107 ----- 0.071 0.038 ----- ----- 
 4 0.866 0.489 0.636 0.429 0.650 0.500 0.444 0.536 0.596 0.800 0.500 
 5 ----- ----- ----- 0.143 ----- ----- ----- ----- 0.019 ----- ----- 
 n 41 45 11 7 30 14 18 28 26 10 11 
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Mdo11 
 1 0.842 0.479 0.562 0.500 0.543 0.556 0.526 0.75 0.792 0.917 0.625 
 2 0.053 0.128 0.125 ----- 0.065 0.056 ----- 0.019 ----- ----- ----- 
 3 0.105 0.394 0.312 0.500 0.391 0.389 0.474 0.231 0.28 0.083 0.375 
 n 19 47 8 7 23 9 19 26 24 6 4 
             
 RB7            
 1 ----- 0.025 0.077 ----- ----- 0.026 0.025 ----- 0.016 ----- ----- 
 2 0.093 0.075 0.115 0.143 0.161 0.053 0.100 0.250 0.21 0.214 0.167 
 3 0.023 0.062 0.077 ----- 0.071 0.079 0.025 0.036 0.048 0.071 ----- 
 4 0.035 0.013 ----- ----- ----- ----- ----- ----- ----- ----- ----- 
 5 0.512 0.562 0.538 0.357 0.518 0.526 0.625 0.393 0.516 0.214 0.500 
 6 0.337 0.262 0.192 0.500 0.250 0.316 0.225 0.321 0.194 0.500 0.333 
 7 ----- ----- ----- ----- ----- ----- ----- ----- 0.016 ----- ----- 
 n 43 40 13 7 28 19 20 28 31 7 12 
             
 MS19            
 1 ----- ----- ----- ----- ----- ----- ----- ----- 0.016 ----- ----- 
 2 ----- ----- ----- ----- 0.019 ----- 0.079 ----- 0.032 0.056 ----- 
 3 0.778 0.500 0.692 0.643 0.593 0.536 0.395 0.500 0.565 0.556 0.615 
 4 ----- 0.012 0.038 ----- ----- ----- ----- ----- ----- ----- ----- 
 5 0.144 0.381 0.269 0.214 0.315 0.393 0.395 0.414 0.323 0.389 0.346 
 6 0.033 0.012 ----- 0.071 0.019 ----- ----- ----- ----- ----- ----- 
 7 ----- ----- ----- ----- ----- 0.018 ----- ----- ----- ----- ----- 
 8 ----- 0.095 ----- ----- 0.019 0.036 0.079 0.052 0.032 ----- ----- 
 9 0.044 ----- ----- 0.071 0.037 0.018 0.053 0.034 0.016 ----- 0.038 
 10 ----- ----- ----- ----- ----- ----- ----- ----- 0.016 ----- ----- 
 n 45 42 13 7 27 28 19 29 31 9 13 
             
 
APPENDIX B 
 Allele frequencies of eight nDNA microsatellites by locus for all 
smallmouth bass sampled at 11 sites in Lake Erie. Expected and observed 
heterozygosities and the number of chromosomes sampled are calculated 
per locus.  
 
 
 Mdo2 Mdo3 Mdo5 Mdo8 Mdo9 Mdo11 RB7 MS19 
allele 1 0.005 0.656 0.004 0.131 0.002 0.628 0.014 0.002 
allele 2 0.757 0.310 0.063 0.215 0.357 0.055 0.137 0.013 
allele 3 0.005 0.034 0.933 0.015 0.029 0.318 0.046 0.582 
allele 4 0.233   0.462 0.606  0.008 0.004 
allele 5    0.110 0.006  0.506 0.321 
allele 6    0.013   0.286 0.011 
allele 7    0.051   0.002 0.002 
allele 8    0.003    0.036 
allele 9        0.027 
allele 10        0.002 
         
HE 0.373 0.474 0.126 0.710 0.506 0.503 0.642 0.557 
         
HO 0.363 0.413 0.108 0.662 0.473 0.411 0.629 0.555 
         
2n 424 378 464 390 482 384 496 526 
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APPENDIX C 
Table of cytochrome b haplotypes derived from 540bp of the 3' end (bp 601-1140). Base pair numbers correspond to aligned cytochrome b sequences with 
other fishes. Stars (*) denote singletons that were sequenced twice. Codon position of the substitution is identified. Transervsions are denoted with "tv", 
all other substitutions were transitions. Amino acids at each substitution are identified. Only one substitution resulted in a non-synonymous substitution. 
1
publication GenBank 6 6 6 6 7 7 7 7 7 7 7 8 8 8 8 8 8 8 9 9 9 9 9 1
haplotype assession 1 2 8 9 2 4 5 5 8 9 9 0 1 4 5 5 6 8 0 1 3 4 8 0
id number number 8 4 7 3 9 1 0 6 0 5 8 7 6 9 2 8 2 2 0 2 6 8 2 7 n freq
1 DQ 354383 T C A A C C G T T G A G A C C T C C A G A A C A 250 0.53
2 DQ 354384 T C A A C C G T T G A G A C C T C C A C A A C A 61 0.13
3* DQ 354385 T C A A C C G T T G A G A C C T C C A C A C C A 1 0.00
4* DQ 354386 T C A A C C A T T G A G A C C T C C A G A A C A 1 0.00
5 DQ 354387 T C A A C T G T T G A G A C C T C C A G A A C A 10 0.02
6 EU 267711 T C G A C C G C T G A G A C C T C C A G A A C A 111 0.23
7 EU 267712 T C A A C C G T T G A G A C C T T C A G A A C A 3 0.01
8* EU 267713 T C A A C C G T T G A G A C C T C C A G G A C A 1 0.00
base pair
9 T C A A C C G T T G A G A C T T C C A G A A C A 2 0.00
10 C C A A C C G T T G A R A C C T C A A G A A C A 5 0.01
11 T C A A C C G T T A A G A C C T C C A G A A C A 6 0.01
12 T C A A C C G T T G A G A A C T C A A G A A C A 2 0.00
13 T A A A C C G T T G A G A C C T C C A G A A C A 6 0.01
14 T C A A T C G T T G T G A A C T C A A G A A C A 2 0.00
15* T C A A C C G T T G A G A C C T C C G C A A C A 1 0.00
16* T C A A C C G T T G A G A C C C C C A C A A C A 1 0.00
17* T C G A C C G C T G A G A C C T C C A G A A G A 1 0.00
18 T C T G C C G T T G A A G C C T C A A G A A C A 3 0.01
19 T C A A C C G T T G A G A C C T C C A G A A C T 1 0.00
20 T C G A C C G C C G A G A C C T C C A G A A C A 4 0.01
21 T C A A C C G T T G A G A C C T C A A G A A C A 1 0.00
22 T C A A C C G T T G A G A C C C C A A G A A C A 2 0.00
475 1.00
codon position: 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 2 1
transversion: tv tv tv tv tv tv tv tv tv
amino acid : Asn Pro Leu Gly Ala Pro Leu Asp Asn Pro Pro Lys Trp Ser Ile Asn Leu Leu Val Val Gln Thr Leu Ala
Val
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GREAT LAKES
SUPERIOR
Lake Erie tributaries LAWRENCE
MICHIGAN Grgn Bay Central basin
ONTARIO ARKANSAS R.
hap SUPMCHCHNPOTSGWTHDSVNMNRPCNGEMSDY SBI MBI NBI ASHCONFHR PRY VBB LPB AUGBLC BLKRRRCUYCHGGRDCNT CATONT RFD QC CRNCTQBDC PNT HCKPAWWLGGBRNRBWRCWSF ILL MISSRBCROBROGOKE JMS CWP n freq
1 1 6 1 9 2 7 5 7 6 7 1 7 6 7 4 9 11 8 5 4 3 10 10 2 9 14 7 2 2 9 1 1 2 5 9 5 8 13 14 8 3 250 0.53
2 4 2 1 3 14 2 4 7 2 1 7 6 2 1 2 1 2 61 0.13
3 1 1 0.00
4 1 1 0.00
5 1 1 3 2 3 10 0.02
HURON OCEANMISSISSIPPI R
OHIO RIVER BASIN RED R.
Western basin
MISSISSIPPI RIVER BASIN
ERIE ST. ATLANTIC
Eastern
basin
6 15 19 3 1 1 17 1 4 10 1 16 23 111 0.23
7 1 2 3 0.01
8 1 1 0.00
9 2 2 0.00
10 5 5 0.01
11 1 2 3 6 0.01
12 1 1 2 0.00
13 6 6 0.01
14 2 2 0.00
15 1 1 0.00
16 1 1 0.00
17 1 1 0.00
18 2 1 3 0.01
19 1 1 0.00
20 4 4 0.01
21 1 1 0.00
22 2 2 0.00
n 21 26 3 2 14 22 8 5 11 21 9 5 7 0 8 8 8 11 16 13 8 5 6 3 10 20 13 2 11 14 7 2 2 11 1 1 8 5 9 10 8 13 19 21 25 5 3 1 2 9 3 475
n basin = 317 n basin = 4 n basin = 85 n basin = 46 n basin = 9 n basin = 12
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APPENDIX D 
Table of control region haplotypes derived from 300bp of the 5' end. 
Stars (*) denote singletons that were sequenced twice. 
publication GenBank 0 0 0 1 1 1 1 1 1 2 2 2 2
haplotype assession 1 2 8 4 4 5 7 7 7 2 7 7 8
id number number 6 4 5 1 2 3 0 6 9 0 5 7 1 n freq
1 DQ 354375 T G C A T C C T T C A T T 179 0.35
2 DQ 354376 T G T A T A C T T C A T T 41 0.08
3 DQ 354377 T G C A T T C T T C A T A 182 0.36
4 DQ 354378 T G C A T T C T T C A T T 23 0.05
5 DQ 354379 T G C A T T C T T C A T C 4 0 01
base pair
 .
6 DQ 354380 T G C A T C C T T T A T T 5 0.01
7 DQ 354381 T G C A T C T T T C A T T 6 0.01
8* DQ 354382 T G C A T T C T T C T T T 1 0.00
9 EU 267707 T G C A T C C T T C A T C 3 0.01
10 EU 267708 T G C A T T T T T C A T T 4 0.01
11 EU 267709 T G C A T T T T T C A T A 27 0.05
12* EU 267710 T G C A T C C T T C A C T 1 0.00
13 T G T A T T C T T C A T T 7 0.01
14 T G T A C A C T T C A T T 2 0.00
15 T G T A T C C T T C A T T 8 0.02
16 T G C A T C T T T C A T A 3 0.01
17 T G C A T C C G C C A T T 1 0.00
18 T G C A T C C C T C A T T 2 0.00
19 T G C G T T C T T T A T A 3 0.01
20 T A T A T A C T T C A T T 5 0.01
21 C G C G T T T T T C A T A 4 0.01
511 1.00
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GREAT LAKES
SUPERIOR
Lake Erie tributaries LAWRENCE
MICHIGAN Grgn Bay Central basin
ONTARIO ARKANSAS R.
hap SUP MCH CHN POT SGW THD SVN MNR PCN GEM SDY SBI MBI NBI ASH CON FHR PRY VBB LPB AUG BLC BLK RRR CUY CHG GRD CNT CAT ONT RFD QC CRN CTQ BDC PNT HCK PAW WLG GBR NRB WRC WSF ILL MISS RBC ROB ROG OKE JMS CWP n freq
1 5 9 3 22 5 11 12 6 3 4 3 3 7 5 8 7 1 4 4 3 7 4 5 21 2 5 2 2 1 3 2 179 0.35
2 2 3 1 5 2 1 2 1 3 2 2 8 1 1 1 6 41 0.08
3 15 14 3 1 1 16 2 2 1 3 1 2 1 2 1 6 13 2 1 7 1 6 1 2 6 2 6 3 21 23 1 3 2 8 3 182 0.36
4 7 1 2 2 1 2 1 1 2 2 2 23 0.05
5 1 1 1 1 4 0.01
Western basin
MISSISSIPPI RIVER BASIN
ERIE ST.
basin
ATLANTIC
Eastern
OCEAN
OHIO RIVER BASIN RED R.
HURON MISSISSIPPI R.
6 3 2 5 0.01
7 1 1 1 3 6 0.01
8 1 1 0.00
9 1 1 1 3 0.01
10 3 1 4 0.01
11 1 4 4 7 2 1 5 1 2 27 0.05
12 1 1 0.33
13 3 3 1 7 0.01
14 2 2 0.00
15 1 1 6 8 0.02
16 1 2 3 0.01
17 1 1 0.00
18 2 2 0.00
19 2 1 3 0.01
20 5 5 0.01
21 4 4 0.01
n 21 26 3 2 13 21 25 5 18 13 13 5 6 0 8 8 10 8 12 16 8 5 6 3 10 20 15 2 16 21 7 2 5 11 1 1 6 5 10 10 8 13 22 21 26 5 3 2 2 9 3 511
n basin = 346 n basin = 7 n basin = 87 n basin = 47 n basin = 10 n basin = 12
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APPENDIX E
Table of concatenated mtDNA haplotypes and 
their component sequences.
concatenated cyt b control
haplotype haplotype haplotype
id id id n freq
A 1 8 18 0.04
B 7 10 1 0.00
C 6 3 103 0.24
D 1 3 54 0.13
E 12 3 3 0.01
F 1 4 17 0.04
G 1 2 34 0.08
H 1 1 64 0.15
I 1 7 5 0.01
J 7 1 43 0.10
K 9 1 1 0.00
L 1 15 1 0.00
M 14 1 1 0.00
N 10 1 5 0.01
O 10 9 2 0.00
P 10 5 1 0.00
Q 10 11 1 0.00
R 8 1 1 0.00
S 16 1 1 0.00
T 15 1 1 0.00
U 7 4 2 0.00
V 1 13 7 0.02
W 1 11 6 0.01
X 1 14 2 0.00
Y 1 20 5 0.01
Z 1 18 2 0.00
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concatenated cyt b control
haplotype haplotype haplotype
id id id n freq
AA 1 16 3 0.01
BB 13 3 4 0.01
CC 26 3 2 0.00
DD 19 3 1 0.00
EE 6 8 5 0.01
FF 17 3 1 0.00
GG 20 3 4 0.01
HH 1 12 1 0.00
II 1 10 3 0.01
JJ 1 6 1 0.00
KK 21 1 1 0.00
LL 11 1 4 0.01
MM 11 6 2 0.00
NN 23 3 2 0.00
OO 24 3 2 0.00
PP 22 8 2 0.00
QQ 25 3 1 0.00
RR 25 21 4 0 01.
SS 18 19 3 0.01
427 1.00
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GREAT LAKES
SUPERIOR
Lake Erie tributaries LAWRENCE
MICHIGAN Grgn Bay Central basin
ONTARIO ARKANSAS R.
hap SUP MCH CHN POT SGW THD SVN MNR PCN GEM SDY SBI MBI NBI ASH CON FHR PRY VBB LPB AUG BLC BLK RRR CUY CHG GRD CNT CAT ONT RFD QC CRN CTQ DBC PNT HCK PAW WLG GBR NRB WRC WSF ILL MISS RBC ROB ROG OKE JMS CWP n freq
A 1 4 6 1 1 5 18 0.04
B 1 1 < 0.01
C 15 14 3 1 1 16 1 4 10 1 16 21 103 0.24
D 2 2 1 3 1 2 1 1 3 2 1 7 1 1 1 2 3 2 6 1 8 3 54 0.13
E 1 2 3 0.01
F 6 1 2 1 1 2 2 2 17 0.04
G 2 3 1 2 2 1 2 1 1 2 2 7 1 1 1 5 34 0.08
H 7 3 5 1 1 3 2 1 3 1 2 1 4 3 6 2 1 12 2 2 1 1 64 0.15
I 1 1 1 2 5 0.01
J 4 2 3 8 2 3 2 2 1 5 4 2 1 1 1 2 43 0.10
K 1 1 < 0.01
L 1 1 < 0.01
M 1 1 < 0.01
N 1 2 2 5 0.01
O 1 1 2 0 01
MISSISSIPPI RIVER BASIN
OHIO RIVER BASIN
ST.
HURON OCEANMISSISSIPPI R.
RED R.
ATLANTIC
Western basin
ERIE
basin
Eastern
< .
P 1 1 < 0.01
Q 1 1 < 0.01
R 1 1 < 0.01
S 1 1 < 0.01
T 1 1 < 0.01
U 1 1 2 < 0.01
V 3 3 1 7 0.02
W 1 1 4 6 0.01
X 2 2 < 0.01
Y 5 5 0.01
Z 2 2 < 0.01
AA 1 2 3 0.01
BB 4 4 0.01
CC 2 2 < 0.01
DD 1 1 < 0.01
EE 4 1 5 0.01
FF 1 1 < 0.01
GG 4 4 0.01
HH 1 1 < 0.01
II 3 3 0.01
JJ 1 1 < 0.01
KK 1 1 < 0.01
LL 1 3 4 0.01
MM 2 2 < 0.01
NN 2 2 < 0.01
OO 1 1 2 < 0.01
PP 2 2 < 0.01
QQ 1 1 < 0.01
RR 4 4 0.01
SS 2 1 3 0.01
n 1 4 0 0 3 3 0 0 0 0 0 0 0 0 0 0 0 0 0 1 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 5 1 0 3 5 1 5 3 1 2 1 0
427
n basin = 15 n basin = 0 n basin = 13 n basin = 6 n basin = 9 n basin = 12
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APPENDIX F
                     Table of smallmouth bass sequenced for the cytochrome b and control region genes of the mtDNA. 
                      Each sample is identified by by a three letter code denoting  location and sample number.
                     Haplotypes of each gene are designated by a number or letter and are consistent with those published in 
                      Borden & Stepien 2006 (Journal of Great Lakes Research), Borden 2008 (Northeastern Naturalist), 
                      and Borden & Krebs (to be submitted). Corresponding GenBank accession follow this list.  
                     Stars (*) denote samples that were sequenced twice. 
LAKE SUPERIOR
Control Concat-
Site Sample Cyt b Sample Region Sample enated
Pigeon River, MN 1 SPR 01 6 1 SPR 01 3 1 SPR 01 C
N=2  (SPR 1-2) 2 SPR 02 6 2 SPR 02 3 2 SPR 02 C
ST. LOUIS BAY, MN
St. Louis Bay, MN 3 SUP 01 6 3 SUP 01 3 3 SUP 01 C
N=2  (SUP 1-2) 4 SUP 02 6 4 SUP 02 3 4 SUP 02 C
Spirit Lake, MN 5 SUP 03 6 5 SUP 03 3 5 SUP 03 C
N=15  (SUP 3-17) 6 SUP 04 2 6 SUP 04 1 6 SUP 04 J
7 SUP 05 6 7 SUP 05 3 7 SUP 05 C
8 SUP 06 1 8 SUP 06 11 * 8 SUP 06 A
9 SUP 07 2 9 SUP 07 1 9 SUP 07 J
10 SUP 08 6 10 SUP 08 3 10 SUP 08 C
11 SUP 09 6 11 SUP 09 3 11 SUP 09 C
12 SUP 10 6 12 SUP 10 3 12 SUP 10 C
13 SUP 11 2 13 SUP 11 1 13 SUP 11 J
14 SUP 12 6 14 SUP 12 3 14 SUP 12 C
15 SUP 13 6 15 SUP 13 3 15 SUP 13 C
16 SUP 14 6 16 SUP 14 3 16 SUP 14 C
17 SUP 16 2 17 SUP 16 1 17 SUP 16 J
18 SUP 17 6 18 SUP 17 3 18 SUP 17 C
Tahquamenon River, MI 19 ABZ 09 11 * 19 ABZ 09 1 * 19 ABZ 09 LL
N=3                20 ABZ 10 6 20 ABZ 10 3 20 ABZ 10 C
(ABZ 9-11) 21 ABZ 11 6 21 ABZ 11 3 21 ABZ 11 C
LAKE MICHIGAN
Site Sample Cyt B Sample Control Sample Concatenated
Sheboygan River, WI 1 LMS 03 1 1 LMS 03 4 1 LMS 03 F
N=21 (LMS 1-21) 2 LMS 04 1 2 LMS 04 4 2 LMS 04 F
3 LMS 05 1 3 LMS 05 4 3 LMS 05 F
4 LMS 09 6 4 LMS 09 3 4 LMS 09 C
5 LMS 13 6 5 LMS 12 4 5 LMS 13 C
6 LMS 14 1 6 LMS 13 3 6 LMS 14 F
7 LMS 15 6 7 LMS 14 4 7 LMS 15 C
8 LMS 16 1 8 LMS 15 3 8 LMS 16 F
9 LMS 17 1 9 LMS 16 4 9 LMS 17 F
10 LMS 17 4
Port Washington Harbor, WI 10 LMW 02 6 11 LMW 03 3 10 LMW 03 C
N=8 (LMW 1-8) 11 LMW 03 6 12 LMW 04 3 11 LMW 04 C
12 LMW 04 6 13 LMW 06 3 12 LMW 06 C
13 LMW 06 6 14 LMW 07 3 13 LMW 07 C
14 LMW 07 6
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8 2 8 1 8 J
Milwaukee River, WI 15 LMM 01 6 15 LMM 01 3 14 LMM 01 C
N=15 (LMM 1-15) 16 LMM 02 6 16 LMM 02 3 15 LMM 02 C
17 LMM 03 6 17 LMM 03 11 16 LMM 03 EE
18 LMM 04 6 18 LMM 04 3 17 LMM 04 C
19 LMM 06 5 19 LMM 06 9 18 LMM 06 O
20 LMM 07 6 20 LMM 07 11 19 LMM 07 EE
21 LMM 08 6 21 LMM 08 3 20 LMM 08 C
22 LMM 09 6 22 LMM 09 3 21 LMM 09 C
23 LMM 10 6 23 LMM 10 11 22 LMM 10 EE
24 LMM 11 6 24 LMM 11 3 23 LMM 11 C
25 LMM 12 6 25 LMM 12 3 24 LMM 12 C
26 LMM 13 6 26 LMM 13 11 25 LMM 13 EE
LAKE HURON
Site Sample Cyt B Sample Control Sample Concatenated
SAGINAW BAY, MI
Tittabawassee River, MI 1 HUR 01 1 1 HUR 01 1 1 HUR 01 H
N=3 (HUR 1-3) 2 HUR 02 1 2 HUR 02 1 2 HUR 02 H
3 HUR 03 1 3 HUR 03 1 3 HUR 03 H
Charity Island, MI 4 HUR 04 1 4 HUR 04 1 4 HUR 04 H
N=1 (HUR 4)
Oak Point North, MI 5 SAG 02 2 5 SAG 02 1 5 SAG 02 J
N=9 (SAG 1-5) 6 SAG 03 1 6 SAG 03 1 6 SAG 03 H
7 SAG 04 11 7 SAG 04 6 7 SAG 04 MM
SAG 05 SAG 05 SAG 05 
Saginaw River, MI 9 ABZ 04 1 9 ABZ 05 6 * 9 ABZ 05 MM
N=7  (ABZ 4, 5, 13-17)                 10 ABZ 05 11 10 ABZ 14 6 * 10 ABZ 14 JJ
11 ABZ 14 1 11 ABZ 15 3 * 11 ABZ 15 C
12 ABZ 15 6 * 12 ABZ 16 1 * 12 ABZ 16 H
13 ABZ 16 1 * 13 ABZ 17 1 13 ABZ 17 H
14 ABZ 17 1
Les Cheneaux Islands, MI 15 CXG 01 6 14 CXG 01 3 14 CXG 01 C
N=8 (CXG, CXH, CXM) 16 CXH 01 6 15 CXH 01 3 15 CXH 01 C
17 CXM 01 6 16 CXM 01 3 16 CXM 01 C
Potagannissing Bay, MI 18 PBB 01 1 17 PBB 01 4 17 PBB 01 F
N=47 (PBB, PBG, PBV) 19 PBG 01 6 18 PBG 01 3 18 PBG 01 C
Maitland River, ON 19 AAO 01 1
N=13 (AAO 1-13) 20 AAO 02 1 *
21 AAO 03 1
22 AAO 04 1
23 AAO 05 1 *
24 AAO 06 1 *
25 AAO 08 1
26 AAO 09 1
27 AAO 10 1
GEORGIAN BAY, ON
Moon River, ON 20 GMN 03 1 28 GMN 03 1 19 GMN 03 H
N=25 21 GMN 04 1 29 GMN 04 1 20 GMN 04 H
(GMN 1-7) 22 GMN 05 1 30 GMN 05 1 21 GMN 05 H
23 GMN 06 1 31 GMN 06 1 22 GMN 06 H
24 GMN 07 1 32 GMN 07 1 23 GMN 07 H
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Blackstone Harbour, ON 25 AAO 15 1 33 AAO 15 1 24 AAO 15 H
N=16 (AAO 14-29) 26 AAO 22 1 34 AAO 19 1 25 AAO 22 H
27 AAO 26 2 * 35 AAO 20 1
28 AAO 27 1 36 AAO 21 1
29 AAO 29 1 37 AAO 22 1 *
38 AAO 23 1
39 AAO 24 1 *
40 AAO 25 1 *
Severn Sound, ON 30 GSS 09 1 41 GSS 09 18 26 GSS 09 Z
N=32 (GSS 1-10) 31 GSS 11 1 42 GSS 11 18 27 GSS 11 Z
Midland Bay, ON 32 AAO 31 1 43 AAO 30 1 28 AAO 31 H
N=3 (AAO 30-32) 44 AAO 31 1
45 AAO 32 1
Severn Locks, ON 46 AAO 33 17
N=3 (AAO 33-35) 47 AAO 34 1 *
48 AAO 35 1
Thunder Bay, MI 33 TBY 02 6 49 TBY 02 3 29 TBY 02 C
N=25 34 TBY 03 6 50 TBY 03 3 30 TBY 03 C
(TBY 1-25) 35 TBY 04 6 51 TBY 04 3 31 TBY 04 C
36 TBY 05 6 52 TBY 05 3 32 TBY 05 C
37 TBY 06 6 53 TBY 06 3 33 TBY 06 C
38 TBY 07 6 54 TBY 07 3 34 TBY 07 C
39 TBY 08 6 55 TBY 08 3 35 TBY 08 C
40 TBY 10 6 56 TBY 10 3 36 TBY 10 C
41 TBY 11 6 57 TBY 11 3 37 TBY 11 C
42 TBY 12 11 58 TBY 12 1 38 TBY 12 LL
43 TBY 13 1 59 TBY 13 2 39 TBY 13 G
44 TBY 14 6 60 TBY 14 3 40 TBY 14 C
45 TBY 15 6 61 TBY 15 3 41 TBY 15 C
46 TBY 16 6 62 TBY 16 3 42 TBY 16 C
47 TBY 17 6 63 TBY 18 1 43 TBY 18 LL
48 TBY 18 11 64 TBY 19 2 44 TBY 19 G
49 TBY 19 1 65 TBY 20 3 45 TBY 20 C
50 TBY 20 6 66 TBY 21 3 46 TBY 21 C
51 TBY 21 6 67 TBY 23 3 47 TBY 23 C
52 TBY 23 6 68 TBY 24 1 48 TBY 24 LL
53 TBY 24 11 69 TBY 25 3 49 TBY 25 C
54 TBY 25 6
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 2  1 2  1 2  J
LAKE ERIE
Site Sample Cyt B Sample Control Sample Concatenated
Gem Beach, OH 1 ABK 01 2 1 ABK 01 1 1 ABK 01 J
N=31 2 ABK 03 2 2 ABK 04 1 2 ABK 04 J
(ABK 1-31) 3 ABK 04 2 3 ABK 05 1 3 ABK 05 R
4 ABK 05 3 * 4 ABK 07 2 4 ABK 07 G
5 ABK 06 2 5 ABK 08 1 5 ABK 08 H
6 ABK 07 1 6 ABK 10 1 6 ABK 10 J
7 ABK 08 1 7 ABK 25 1 7 ABK 25 J
8 ABK 09 2 8 ABK 26 1 8 ABK 26 J
9 ABK 10 2 9 ABK 27 1 9 ABK 27 J
10 ABK 11 2 10 ABK 28 1 10 ABK 28 J
11 ABK 12 2 11 ABK 29 1 11 ABK 29 J
12 ABK 18 1 12 ABK 30 1
13 ABK 19 2 13 ABK 31 1
14 ABK 21 1
15 ABK 23 1
16 ABK 24 1
17 ABK 25 2
18 ABK 26 2
19 ABK 27 2
20 ABK 28 2
21 ABK 29 2
Site Sample Cyt B Sample Control Sample Concatenated
Port Clinton, OH 1 ABL 01 1 1 ABL 02 2 1 ABL 02 G
N=31 ABL 02 ABL 03 ABL 03
(ABL 1-31) 3 ABL 03 2 3 ABL 04 1 3 ABL 04 J
4 ABL 04 2 4 ABL 06 4 4 ABL 07 D
5 ABL 07 1 5 ABL 07 3 5 ABL 08 G
6 ABL 08 1 6 ABL 08 2 6 ABL 10 N
7 ABL 10 5 7 ABL 09 1 7 ABL 11 H
8 ABL 11 1 8 ABL 10 1 8 ABL 14 D
9 ABL 14 1 9 ABL 11 1 9 ABL 19 G
10 ABL 19 1 10 ABL 14 3 10 ABL 20 J
11 ABL 20 2 11 ABL 15 4
12 ABL 19 2
13 ABL 20 1
14 ABL 21 1
15 ABL 23 1
16 ABL 25 1
17 ABL 26 1
18 ABL 28 1
Site Sample Cyt B Sample Control Sample Concatenated
Middle Bass Island 1 AAN 07 2 1 AAN 07 1 1 AAN 07 J
N=~48 2 ADS 11 2 2 AAU 06 5 2 ADS 11 U
3 ADS 20 2 3 ADS 11 4 3 ADY 07 J
4 ADY 02 2 4 ADY 01 1
5 ADY 03 2 5 ADY 04 1
6 ADY 05 2 6 ADY 07 1
7 ADY 07 2
Site Sample Cyt B Sample Control Sample Concatenated
South Bass Island 1 AAU 07 1 1 AAU 09 4 1 ADR 04 J
N=7 2 ADR 04 2 2 ADR 04 1 2 ADR 07 J
(ADR ; AAU 7-9) 3 ADR 07 2 3 ADR 07 1 3 ADR 11 U
4 ADR 11 2 4 ADR 11 4 4  ADR 14 J
5 ADR 14 2 5 ADR 14 1
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Site Sample Cyt B Sample Control Sample Concatenated
Sandusky Bay, OH 1 ACD 03 2 1 ACD 03 1 1 ACD 03 J
N=20 2 ACD 04 1 2 ACD 04 3 2 ACD 04 D
(ACD 1-20) 3 ACD 06 1 3 ACD 05 2 3 ACD 06 H
4 ACD 10 1 4 ACD 06 1 4 ACD 10 H
5 ACD 11 1 5 ACD 09 1 5 ACD 11 D
6 ACD 12 1 6 ACD 10 1 6 ACD 12 G
7 ACD 13 1 7 ACD 11 3 7 ACD 13 H
8 ACD 14 2 8 ACD 12 2 8 ACD 14 J
9 ACD 15 1 9 ACD 13 1 9 ACD 15 G
10 ACD 14 1
11 ACD 15 2*
12 ACD 17 2
13 ACD 19 2
Site Sample Cyt B Sample Control Sample Concatenated
Fairport Harbor, OH          1 ADA 36 1 1 ADA 36 2 * 1 ADA 36 G
N=93           2 ADA 37 1 2 ADA 38 1 2 ADA 38 H
(ABG 1-30, ADA 36-48) 3 ADA 38 1 3 ADA 39 1 3 ADA 39 H
4 ADA 39 1 4 ADA 40 1 4 ADA 42 J
5 ADA 42 2 5 ADA 41 5 * 5 ADA 44 H
6 ADA 44 1 6 ADA 42 1 6 ADA 46 I
7 ADA 45 1 7 ADA 43 1
8 ADA 46 1 8 ADA 44 1
9 ADA 46 7 *
10 ADA 48 1
Site S lamp e C Byt S lamp e C lontro S lamp e C doncatenate
Perry, OH 1 ADA 05 2 1 ADA 26 4 1 ADA 26 F
N=37 2 ADA 19 2 2 ADA 28 1 2 ADA 28 J
(ADA 1-35) 3 ADA 26 1 3 ADA 29 2 3 ADA 29 G
4 ADA 28 2 4 ADA 30 1 4 ADA 30 J
5 ADA 29 1 5 ADA 31 1 5 ADA 31 J
6 ADA 30 2 6 ADA 32 1 6 ADA 32 J
7 ADA 31 2 7 ADA 34 2 7 ADA 34 G
8 ADA 32 2 8 ADA 35 1 8 ADA 35 J
9 ADA 33 1
10 ADA 34 1
11 ADA 35 2
Site Sample Cyt B Sample Control Sample Concatenated
Ashtabula, OH        1 ADM 09 1 1 ADM 09 2 1 ADM 09 G
N=12                      2 ADM 10 1 2 ADM 10 3 * 2 ADM 10 D
(ADM 2-4, 9-12, 13-17) 3 ADM 11 1 3 ADM 11 4 * 3 ADM 11 F
4 ADM 12 1 4 ADM 12 4 4 ADM 12 F
5 ADM 14 1 5 ADM 14 1 5 ADM 14 H
6 ADM 15 1 6 ADM 15 1 6 ADM 15 H
7 ADM 16 1 7 ADM 16 2 7 ADM 16 G
8 ADM 17 15 * 8 ADM 17 1 8 ADM 17 T
Site Sample Cyt B Sample Control Sample Concatenated
Conneaut, OH 1 ADL 04 2 1 ADL 04 1 1 ADL 04 J
N=15                     2 ADL 09 1 2 ADL 09 7 * 2 ADL 09 I
(ADL 1-15) 3 ADL 10 1 3 ADL 10 4 3 ADL 10 F
4 ADL 11 1 4 ADL 11 3 4 ADL 11 D
5 ADL 12 2 5 ADL 12 1 5 ADL 12 J
6 ADL 13 1 6 ADL 13 3 6 ADL 13 D
7 ADL 14 1 7 ADL 14 1 7 ADL 14 H
8 ADL 15 1 8 ADL 15 3 8 ADL 15 D
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2Site Sample Cyt B Sample Control Sample Concatenated
Van Buren Bay, NY 1 AAF 01 1 1 AAF 01 4 1 AAF 01 F
N=69 2 AAF 07 2 2 AAF 06 1 2 AAF 07 J
(AAF 1-10; ACX 1-59) 3 AAF 10 2 3 AAF 07 1 3 AAF 10 J
4 ACX 13 1 4 AAF 10 1 4 ACX 13 H
5 ACX 14 1 5 ACX 13 1 5 ACX 14 F
6 ACX 16 2 6 ACX 14 4 6 ACX 16 J
7 ACX 18 1 7 ACX 16 1 7 ACX 18 G
8 ACX 38 2 8 ACX 18 2 8 ACX 38 J
9 ACX 42 1 9 ACX 21 1 9 ACX 42 I
10 ACX 43 1 10 ACX 38 1 10 ACX 51 K
11 ACX 44 1 11 ACX 42 7
12 ACX 47 1 12 ACX 51 1
13 ACX 51 4 *
14 ACX 56 2
15 ACX 57 
16 ACX 58 1
Site Sample Cyt B Sample Control Sample Concatenated
Long Point Bay, ON 1 ACL 01 1 1 ACL 01 1 1 ACL 01 H
N= 48 + 99 = 147 2 ACL 03 1 2 ACL 06 1 2 ACL 16 D
(ACL 1-32; ACZ 1-16) 3 ACL 16 1 3 ACL 07 6 3 ACL 18 F
4 ACL 18 1 4 ACL 13 6 * 4 ACL 20 F
5 ACL 20 1 5 ACL 16 3 * 5 ACL 21 J
6 ACL 21 2 6 ACL 18 4 6 ACL 22 G
7 ACL 22 1 7 ACL 20 4 7 ACL 25 J
8 ACL 25 2 8 ACL 21 1 8 ACL 28 HH
9 ACL 28 1 9 ACL 22 2 9 ACL 31 H
10 ACL 31 1 10 ACL 24 2
11 ACZ 10 1 11 ACL 25 1
12 ACZ 13 1 12 ACL 27 2 *
13 ACZ 14 1 13 ACL 28 8 *
14 ACL 31 1
15 ACZ 08 1
16 ACZ 15 1
232
TRIBUTARIES OF LAKE ERIE
Site Sample Cyt B Sample Control Sample Concatenated
Auglaize River, OH 1 AUG 01 1 1 AUG 01 1 1 AUG 01 H
N=14 (AUG 1-11) 2 AUG 02 1 2 AUG 02 3 2 AUG 02 D
3 AUG 04 1 3 AUG 04 3 3 AUG 04 D
4 AUG 05 1 4 AUG 05 10 4 AUG 05 II
5 AUG 06 1 5 AUG 06 2 5 AUG 06 G
6 AUG 07 1 6 AUG 07 10 6 AUG 07 II
7 AUG 08 1 7 AUG 08 2 7 AUG 08 G
8 AUG 09 1 8 AUG 09 10 8 AUG 09 II
Site Sample Cyt B Sample Control Sample Concatenated
Blanchard River, OH 1 BLC 03 1 1 BLC 03 3 1 BLC 03 D
N=8  (BLC 1-11) 2 BLC 05 1 2 BLC 05 1 2 BLC 05 H
BLC 1,2,4 = M. salmoides 3 BLC 08 1 3 BLC 08 1 3 BLC 08 H
4 BLC 10 1 4 BLC 10 1 4 BLC 10 H
5 BLC 11 1 5 BLC 11 1 5 BLC 11 H
Site Sample Cyt B Sample Control Sample Concatenated
Black River, OH
East Branch 1 BLK 02 1 1 BLK 02 1 1 BLK 02 H
N=8  (BLK 1-8) 2 BLK 03 1 2 BLK 03 1 2 BLK 03 H
3 BLK 05 1 3 BLK 04 1 3 BLK 05 H
4 BLK 06 7 4 BLK 05 1 4 BLK 06 E
5 BLK 07 6 5 BLK 06 3 5 BLK 07 C
6 BLK 08 1 6 BLK 07 3
Site S lamp e C Byt S lamp e C lontro S lamp e C doncatenate
Rocky River, OH
Main Stem: Cedar Point Rd. 1 RRR 01 1 1 RRR 01 3 1 RRR 01 D
N=5  (RRR 01-05) 2 RRR 03 1 2 RRR 03 2 2 RRR 03 G
(RRR 2,5 = M. salmoides ) 3 RRR 04 1 3 RRR 04 2 3 RRR 04 G
Site Sample Cyt B Sample Control Sample Concatenated
Cuyahoga River, OH
Monroe Falls, OH 1 ACA 01 6 1 ACA 01 3 1 ACA 01 C
N=6  (ACA 1-6) 2 ACA 02 5 2 ACA 02 9 * 2 ACA 02 O
(ACA 4 is M.salmoides ) 3 ACA 03 2 * 3 ACA 03 1 3 ACA 03 J
4 ACA 05 6 4 ACA 05 3 4 ACA 05 C
5 ACA 06 6 5 ACA 06 3 5 ACA 06 C
Kent, OH 6 ACA 07 5 6 ACA 07 1 6 ACA 07 N
N=5  (ACA 7-11) 7 ACA 08 7 7 ACA 08 3 7 ACA 08 E
8 ACA 09 5 8 ACA 09 1 * 8 ACA 09 N
9 ACA 10 7 9 ACA 10 3 9 ACA 10 E
10 ACA 11 6 10 ACA 11 3 10 ACA 11 C
Site Sample Cyt B Sample Control Sample Concatenated
Chagrin River, OH
Chagrin River Rd./Cedar Rd. 1 ADX 01 1 1 ADX 01 1 1 ADX 01 H
N=11  (ADX 1-11)                   2 ADX 02 1 2 ADX 02 3 2 ADX 02 D
3 ADX 03 6 3 ADX 03 3 3 ADX 03 C
4 ADX 04 1 4 ADX 04 1 4 ADX 04 H
5 ADX 05 6 5 ADX 05 3 5 ADX 05 C
6 ADX 06 6 6 ADX 06 3 6 ADX 06 C
7 ADX 07 6 7 ADX 07 3 7 ADX 07 C
8 ADX 08 6 8 ADX 08 3 8 ADX 08 C
9 ADX 09 1 9 ADX 09 1 9 ADX 09 H
10 ADX 10 6 10 ADX 10 3 10 ADX 10 C
11 ADX 11 6 11 ADX 11 3 11 ADX 11 C
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Fairmount Rd and Route 306 12 CGF 01 1 12 CGF 01 1 12 CGF 01 H
N=9, CGF 1-5 13 CGF 02 1 13 CGF 02 1 * 13 CGF 02 H
14 CGF 03 1 14 CGF 03 1 14 CGF 03 H
15 CGF 04 1
16 CGF 05 1 15 CGF 05 3 15 CGF 05 D
Griswold Creek 17 CGG 01 1 16 CGG 01 3 16 CGG 01 D
N=12, CGG 1-5 18 CGG 03 6 17 CGG 02 1 17 CGG 03 C
19 CGG 04 6 18 CGG 03 3 * 18 CGG 04 C
20 CGG 05 6 19 CGG 04 3 19 CGG 05 C
20 CGG 05 3 *
Site Sample Cyt B Sample Control Sample Concatenated
Grand River, OH
Rock Creek, OH 1 QK 01 1 1 QK 01 2 1 QK 01 G
N=2  (QK 1-2) 2 QK 02 1 2 QK 02 2 2 QK 02 G
Lake/Ashtabula County Line 3 QK 03 1 3 QK 03 2 3 QK 03 G
N=1  (QK 3)
Harpersfield Bridge, OH 4 QK 04 5 * 4 QK 04 5 * 4 QK 04 P
N=4  (QK 4-7) 5 QK 05 1 5 QK 05 2 5 QK 05 G
6 QK 06 1 6 QK 06 2 6 QK 06 G
7 QK 07 1 7 QK 07 1 * 7 QK 07 H
Hwy 528 8 QK 08 1 8 QK 08 1 8 QK 08 H
N=1  (QK 8)
Uniroyal plant to harbor 9 GRD 02 5 9 GRD 03 2 9 GRD 04 M
N=18  (GRD 01-05) 10 GRD 04 8 * 10 GRD 04 1
11 GRD 05 1
Riverdale Bridge 11 GRD 19 1 12 GRD 19 2 10 GRD 19 G
N=7, GRD 19-25, 12 GRD 22 1 13 GRD 20 9 11 GRD 22 L
13 GRD 23 1 14 GRD 22 12 * 12 GRD 23 G
15 GRD 23 2
Site Sample Cyt B Sample Control Sample Concatenated
Conneaut Creek, OH 1 CNT 01 1 1 CNT 01 3 1 CNT 01 D
N=2, (CNT 01-02) 2 CNT 02 1 2 CNT 02 3 2 CNT 02 D
Site Sample Cyt B Sample Control Sample Concatenated
Cattaraugus Creek, NY 1 AEL 01 1 1 AEL 01 2 1 AEL 01 G
N=30 2 AEL 03 1 2 AEL 03 11 2 AEL 03 A
(AEL 1-30) 3 AEL 04 1 3 AEL 04 3 3 AEL 04 D
4 AEL 05 2 4 AEL 05 10 * 4 AEL 05 B
5 AEL 06 1 5 AEL 06 11 5 AEL 06 A
6 AEL 07 2 6 AEL 07 1 6 AEL 07 J
7 AEL 08 1 7 AEL 08 1 7 AEL 08 H
8 AEL 19 1 8 AEL 09 5 * 8 AEL 19 A
9 AEL 25 1 9 AEL 10 1 9 AEL 25 I
10 AEL 26 1 10 AEL 12 1 10 AEL 26 A
11 AEL 27 1 11 AEL 15 7 11 AEL 27 I
12 AEL 17 1
13 AEL 19 11
14 AEL 25 7
15 AEL 26 11
16 AEL 27 7
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LAKE ONTARIO
Site Sample Cyt B Sample Control Sample Concatenated
Puttneyville, NY 1 ADD 16 1 1 ADD 02 1 1 ADD 16 H
N=19 (ADD 1-19) 2 ADD 03 1
3 ADD 04 1
4 ADD 05 1
5 ADD 06 1
6 ADD 16 1
7 ADD 17 1
8 ADD 18 1
9 ADD 19 1
Bay of Quinte, ON
Lower bay
(Deseronto to Indian Point) 2 ONL 03 1 10 ONL 03 1 2 ONL 03 H
N=17  (ONL 1-10) 3 ONL 04 1 11 ONL 04 1 3 ONL 04 H
4 ONL 06 1 12 ONL 06 1 4 ONL 06 H
5 ONL 08 1 13 ONL 09 1 5 ONL 09 H
6 ONL 09 1
Upper bay: (Trenton to Deseronto) 7 ONU 01 1 14 ONU 01 1 6 ONU 01 H
N=35  (ONU 1-10) 8 ONU 02 1 15 ONU 03 1 7 ONU 03 H
9 ONU 03 1 16 ONU 04 1 8 ONU 05 H
10 ONU 05 17 ONU 05 ONU 07 
11 ONU 07 1 18 ONU 07 1 10 ONU 08 H
12 ONU 08 1 19 ONU 08 1 11 ONU 09 H
13 ONU 09 1 20 ONU 09 1 12 ONU 10 H
14 ONU 10 1 21 ONU 10 1
TRIBUTARY OF LAKE ONTARIO
Rushford Lake, NY 15 RFD 01 1 * 22 RFD 02 11 13 RRD 02 A
N=20, (RFD 1-10) 16 RFD 02 1 23 RFD 03 11 14 RFD 03 A
17 RFD 03 1 24 RFD 04 11 15 RFD 04 A
18 RFD 04 1 25 RFD 05 11 16 RFD 05 A
19 RFD 05 1 26 RFD 06 11 17 RFD 06 A
20 RFD 06 1 27 RFD 07 11 18 RFD 08 A
21 RFD 08 1 28 RFD 08 11
ST. LAWRENCE RIVER BASIN
Lac Bernard, QC
N=1 (OTT 01) 1 OTT 01 1 1 OTT 01 1 1 OTT 01 H
Lac des Trente-et-un Milles, QC 2 OTT 02 1 2 OTT 02 1 2 OTT 02 H
N=1 (OTT 02)
Cranberry Lake, NY 3 ABR 28 1 3 ABR 11 1 3 ABR 28 H
N=29                      4 ABR 29 1 4 ABR 12 1 4 ABR 29 H
(ABR 1-29) 5 ABR 19 1
6 ABR 28 1
7 ABR 29 1
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MISSISSIPPI RIVER BASIN
Site Sample Cyt B Sample Control Sample Concatenated
I. UPPER MISS RIVER BASIN
Mississippi River 1 ABT 08 6
N=1  (ABT 8)
Cannon River, MN 2 ABT 01 2 1 ABT 01 1 * 1 ABT 01 J
N=6  (ABT 1-6) 3 ABT 03 6 2 ABT 02 3 2 ABT 03 C
4 ABT 04 6 3 ABT 03 3 3 ABT 04 C
5 ABT 05 6 4 ABT 04 3 4 ABT 05 C
6 ABT 06 2 5 ABT 05 3 5 ABT 06 J
6 ABT 06 1
North Fork Crow River, MN 7 ABT 07 6 7 ABT 07 11 * 6 ABT 07 EE
N=1  (ABT 7)
Zumbro River, MN 8 ABT 09 6 8 ABT 09 3 7 ABT 09 C
N=4  (ABT 9-12) 9 ABT 10 6 9 ABT 10 3 8 ABT 10 C
10 ABT 11 6 10 ABT 11 3 9 ABT 11 C
Apple River, WI 11 ABT 13 6 11 ABT 13 3 10 ABT 13 C
N=9  (ABT 13-21) 12 ABT 14 6 12 ABT 14 3 11 ABT 14 C
13 ABT 15 6 13 ABT 15 3 12 ABT 15 C
14 ABT 17 6 14 ABT 16 3 13 ABT 17 C
15 ABT 18 6 15 ABT 17 3 14 ABT 18 C
16 ABT 19 6 16 ABT 18 3 15 ABT 19 C
17 ABT 20 6 17 ABT 19 3 16 ABT 20 C
18 ABT 21 6 18 ABT 20 3 17 ABT 21 C
19 ABT 21 3
St. Croix River, MN 19 ABT 22 6 20 ABT 22 3 18 ABT 22 C
N=7  (ABT 22-28) 20 ABT 23 6 21 ABT 23 3 19 ABT 23 C
21 ABT 24 6 22 ABT 24 3 20 ABT 24 C
22 ABT 25 6 23 ABT 25 3 21 ABT 25 C
23 ABT 26 6 24 ABT 26 3 22 ABT 26 C
24 ABT 27 6 25 ABT 27 3 23 ABT 27 C
25 ABT 28 6 26 ABT 28 3 24 ABT 28 C
II. LOWER MISS RIVER BASIN
Illinois River Tributaries
Crow Creek, IL 1 ICW 01 17 * 1 ICW 01 3 1 ICW 01 FF
N=11 (ICW 1-11) 2 ICW 02 6 2 ICW 02 3 2 ICW 02 C
3 ICW 04 6 3 ICW 04 3 3 ICW 04 C
4 ICW 05 6 4 ICW 05 3 4 ICW 05 C
5 ICW 06 6 5 ICW 06 3 5 ICW 06 C
6 ICW 07 6 6 ICW 07 3 6 ICW 07 C
7 ICW 08 6 7 ICW 08 3 7 ICW 08 C
8 ICW 10 6 8 ICW 10 3 8 ICW 10 C
9 ICW 11 6 9 ICW 11 3 9 ICW 11 C
Mackinaw River, IL 10 IMC 01 6 10 IMC 01 3 10 IMC 01 C
N=3 (IMC 1-3) 11 IMC 02 6 11 IMC 02 3 11 IMC 02 C
12 IMC 03 6 12 IMC 03 3 12 IMC 03 C
Vermilion River, IL 13 IVM 05 6 13 IVM 05 3 13 IVM 05 C
N=11 (IVM 1-11) 14 IVM 07 6 14 IVM 07 3 14 IVM 07 C
15 IVM 11 6 15 IVM 11 3 15 IVM 11 C
Rooks Creek, IL 16 IRK 01 6 16 IRK 01 3 16 IRK 01 C
N=7 (IRK -7) 17 IRK 03 20 17 IRK 03 3 17 IRK 03 GG
18 IRK 04 20 18 IRK 04 3 18 IRK 04 GG
19 IRK 05 20 19 IRK 05 3 19 IRK 05 GG
20 IRK 06 20 20 IRK 06 3 20 IRK 06 GG
21 IRK 07 6 21 IRK 07 3 21 IRK 07 C
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8OHIO RIVER BASIN
Site Sample Cyt B Sample Control Sample Concatenated
I. UPPER OHIO RIVER BASIN   
Allegheny River Basin
Lake Chautauqua 1 CTQ 02 1 1 CTQ 02 4 1 CTQ 02 F
N=16, CTQ 1-16 2 CTQ 03 1 2 CTQ 03 3 2 CTQ 03 D
3 CTQ 06 1 3 CTQ 06 3 3 CTQ 06 D
4 CTQ 07 1 4 CTQ 07 3 4 CTQ 07 D
5 CTQ 09 1 5 CTQ 09 3 5 CTQ 09 D
6 CTQ 10 1 6 CTQ 10 3 6 CTQ 10 D
7 CTQ 11 1 7 CTQ 11 3 7 CTQ 11 D
8 CTQ 12 1 8 CTQ 12 4 * 8 CTQ 12 F
9 CTQ 13 16 * 9 CTQ 13 1 9 CTQ 13 S
10 CTQ 14 2 10 CTQ 14 1 10 CTQ 14 J
11 CTQ 16 1 11 CTQ 16 3 11 CTQ 16 D
II. MIDDLE OHIO RIVER BASIN
Ohio River Tributaries
 
Hocking River, OH 1 HCK 01 13 1 HCK 02 3 1 HCK 02 BB
N=21 (HCK 1-21) 2 HCK 02 13 2 HCK 03 3 2 HCK 03 BB
3 HCK 03 13 3 HCK 04 3 3 HCK 04 D
4 HCK 04 1 4 HCK 06 3 4 HCK 06 BB
5 HCK 06 13 5 HCK 07 3 5 HCK 07 BB
6 HCK 07 13 6 HCK 08 3
7 HCK 09 1
HCK 10 13
Paw Paw Creek, OH 9 PAW 01 1 7 PAW 01 13 6 PAW 01 V
N=5 (PAW 1-5) 10 PAW 02 1 8 PAW 02 3 7 PAW 02 D
11 PAW 03 1 9 PAW 03 2 8 PAW 03 G
12 PAW 04 1 10 PAW 04 13 9 PAW 04 V
13 PAW 05 1 11 PAW 05 13 10 PAW 05 V
Walhonding River, OH 14 WLG 1 1 12 WLG 2 13 11 WLG 2 V
N=11 (WLG 1-11) 15 WLG 2 1 13 WLG 3 1 * 12 WLG 4 V
16 WLG 4 1 14 WLG 4 13 13 WLG 5 V
17 WLG 5 1 15 WLG 5 13 14 WLG 6 D
18 WLG 6 1 16 WLG 6 3 15 WLG 7 D
19 WLG 7 1 17 WLG 7 3 16 WLG 9 A
20 WLG 9 1 18 WLG 8 11 * 17 WLG 10 H
21 WLG 10 1 19 WLG 9 11 18 WLG 11 W
22 WLG 11 1 20 WLG 10 1 *
21 WLG 11 15 *
Big Darby Creek, OH 23 QX 01 1 22 QX 01 3 * 19 QX 01 D
N=1 (QX 1)
Paint Creek, OH 24 ACO 16 1 23 ACO 16 15 * 20 ACO 16 W
N=17 (ACO 1-17)
Greenbrier River, WV 25 GBR 01 19 24 GBR 01 3 21 GBR 01 DD
N=18  (GBR 1-10) 26 GBR 02 18 25 GBR 02 19 22 GBR 02 SS
27 GBR 03 1 26 GBR 03 11 23 GBR 03 A
28 GBR 04 18 27 GBR 04 19 24 GBR 04 SS
29 GBR 05 1 28 GBR 05 3 25 GBR 05 D
30 GBR 06 1 29 GBR 06 3 26 GBR 06 D
31 GBR 07 9 30 GBR 07 3 27 GBR 07 CC
32 GBR 08 9 31 GBR 08 3 28 GBR 08 CC
33 GBR 09 1 32 GBR 09 13 29 GBR 09 V
34 GBR 10 1 33 GBR 10 3 30 GBR 10 D
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New River, VA 35 NRB 01 1 34 NRB 01 3 31 NRB 01 D
N=8  (NRB 1-8) 36 NRB 02 1 35 NRB 02 20 32 NRB 02 Y
37 NRB 03 1 36 NRB 03 3 33 NRB 03 D
38 NRB 04 1 37 NRB 04 16 34 NRB 04 AA
39 NRB 05 1 38 NRB 05 20 35 NRB 05 Y
40 NRB 06 1 39 NRB 06 20 36 NRB 06 Y
41 NRB 07 1 40 NRB 07 20 37 NRB 07 Y
42 NRB 08 1 41 NRB 08 20 38 NRB 08 Y
III. LOWER OHIO RIVER BASIN
Upper Wabash River
Rock Creek, IN 1 WRC 01 1 1 WRC 01 3 1 WRC 01 D
N=87 (WRC 1-20) 2 WRC 02 1 2 WRC 02 1 2 WRC 02 H
3 WRC 03 1 3 WRC 03 2 3 WRC 03 G
4 WRC 04 1 4 WRC 04 11 4 WRC 04 A
5 WRC 05 1 5 WRC 05 3 5 WRC 05 D
6 WRC 06 1 6 WRC 06 11 6 WRC 06 A
7 WRC 07 1 7 WRC 07 11 7 WRC 07 A
8 WRC 09 1 8 WRC 09 11 8 WRC 09 A
9 WRC 12 1 9 WRC 12 3 9 WRC 12 D
10 WRC 13 10 WRC 13 10 WRC 13
11 WRC 16 1 11 WRC 16 11 11 WRC 16 A
12 WRC 17 1 12 WRC 17 3 12 WRC 17 D
13 WRC 18 1 13 WRC 18 3 13 WRC 18 D
Lower Wabash River
Salt Fork Creek, IL 14 WSF 01 1 14 WSF 01 2 14 WSF 01 G
N=22 (WSF 1-22) 15 WSF 03 5 15 WSF 02 3 * 15 WSF 03 N
16 WSF 04 6 16 WSF 03 1 * 16 WSF 04 C
17 WSF 05 1 17 WSF 04 3 17 WSF 05 G
18 WSF 06 1 18 WSF 05 2 18 WSF 06 W
19 WSF 07 1 19 WSF 06 15 19 WSF 07 AA
20 WSF 08 1 20 WSF 07 16 20 WSF 08 D
21 WSF 11 1 21 WSF 08 3 21 WSF 11 X
22 WSF 12 1 22 WSF 09 2 22 WSF 12 G
23 WSF 13 1 23 WSF10 15 23 WSF 13 X
24 WSF 14 1 24 WSF 11 14 24 WSF 14 G
25 WSF 15 1 25 WSF 12 2 25 WSF 15 AA
26 WSF 16 1 26 WSF 13 14 26 WSF 16 W
27 WSF 17 1 27 WSF 14 2 * 27 WSF 17 W
28 WSF 18 1 28 WSF 15 16 * 28 WSF 18 G
29 WSF 19 21 29 WSF 16 15 29 WSF 19 KK
30 WSF 20 5 30 WSF 17 15 30 WSF 20 N
31 WSF 21 1 31 WSF 18 2 31 WSF 21 W
32 WSF 22 5 32 WSF 19 1 32 WSF 22 Q
33 WSF 20 1
34 WSF 21 15
35 WSF 22 15
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RED RIVER BASIN
Site Sample Cyt B Sample Control Sample Concatenated
Brushy Creek, AR 1 RBC 01 10 1 RBC 01 21 1 RBC 01 RR
N=7, (RBC 1-7) 2 RBC 03 10 2 RBC 03 21 2 RBC 03 RR
trib of Cossatot, Little, Red River 3 RBC 04 10 3 RBC 04 21 3 RBC 04 RR
4 RBC 05 10 4 RBC 05 3 4 RBC 05 QQ
5 RBC 06 10 5 RBC 06 21 5 RBC 06 RR
Site Sample Cyt B Sample Control Sample Concatenated
Board Camp Creek, AR 1 ROB 01 12 1 ROB 01 3 1 ROB 01 OO
N=6, (ROB 1-6) 2 ROB 02 14 2 ROB 02 3 2 ROB 02 NN
trib of Ouachita, Red River 3 ROB 03 14 3 ROB 03 3 3 ROB 03 NN
Site Sample Cyt B Sample Control Sample Concatenated
Gap Creek, AR 1 ROG 05 12 1 ROG 02 3 1 ROG 05 OO
N=5, (ROG 1-5) 2 ROG 05 3
trib of Board Camp Creek
ARKANSAS RIVER BASIN
Site Sample Cyt B Sample Control Sample Concatenated
Baron Fork Creek, OK 1 OKE 01 22 1 OKE 01 11 1 OKE 01 PP
N=2, (OKE 1-2) 2 OKE 02 22 2 OKE 02 11 2 OKE 02 PP
trib of Illinois, Arkansas River
ATLANTIC OCEAN
Site Sample Cyt B Sample Control Sample Concatenated
Cowpasture River, VA 1 CWP 01 1 1 CWP 01 3 1 CWP 01 D
N=10  (CWP 1-6) 2 CWP 03 1 2 CWP 03 3 2 CWP 03 D
trib of James River 3 CWP 04 1 3 CWP 04 3 3 CWP 04 D
Site Sample Cyt B Sample Control Sample Concatenated
James River, VA 1 JMS 01 1 1 JMS 01 3 1 JMS 01 D
N=12  (JMS 1-10) 2 JMS 02 18 2 JMS 02 19 2 JMS 02 SS
3 JMS 03 1 3 JMS 03 3 3 JMS 03 D
4 JMS 04 1 4 JMS 04 3 4 JMS 04 D
5 JMS 06 1 5 JMS 06 3 5 JMS 06 D
6 JMS 07 1 6 JMS 07 3 6 JMS 07 D
7 JMS 08 1 7 JMS 08 3 7 JMS 08 D
8 JMS 09 1 8 JMS 09 3 8 JMS 09 D
9 JMS 10 1 9 JMS 10 3 9 JMS 10 D
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APPENDIX G
                     GenBank accession numbers for submitted mitochondrial DNA sequences.
                     Sample AAO 33 was successfully sequenced for only the control region. 
Cytochrome b Control region
haplotype GenBank Accession # haplotype GenBank Accession #
1 DQ 354383 1 DQ 354375
2 DQ 354384 2 DQ 354376
3 DQ 354385 3 DQ 354377
4 DQ 354386 4 DQ 354378
5 DQ 354387 5 DQ 354379
EU 267711 DQ 354380 
7 EU 267712 7 DQ 354381
8 EU 267713 8 DQ 354382
9 to be submitted 9 EU 267707
10 to be submitted 10 EU 267708
11 to be submitted 11 EU 267709
12 to be submitted 12 EU 267710
13 to be submitted 13 to be submitted
14 to be submitted 14 to be submitted
15 to be submitted 15 to be submitted
16 to be submitted 16 to be submitted
17 to be submitted 17 to be submitted
18 to be submitted 18 to be submitted
19 to be submitted 19 to be submitted
20 to be submitted 20 to be submitted
21 to be submitted 21 to be submitted
22 to be submitted AAO 33 to be submitted
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